JPL  D-4788 


Mars  Rover/Sample  Return  (MRSR)  Mission 

Mars  Rover  Technology  Workshop 
Proceedings 

Chairman:  John  C.  Mankins,  Jet  Propulsion  Laboratory 


April  28-30, 1987 
Pasadena,  California 


JPL 

Jet  Propulsion  Laboratory 

California  Institute  of  Technology 


JPL  D-4788,  Vol.  1 


Mars  Rover/Sample  Return  (MRSR)  Mission 

Mars  Rover  Technology  Workshop 
Proceedings 

Volume  1 : Executive  Summary  and 
Mission/Systems  Panel 


Editor  and  Chairman:  John  C.  Mankins,  Jet  Propulsion  Laboratory 


April  28-30, 1987 
Pasadena,  California 


JPL 

Jet  Propulsion  Laboratory 

California  Institute  of  Technology 


GLOSSARY 


ACRONYMS  AND  ABBREVIATIONS 


AMTEC  - 
CCD  - 
DOF  - 
DSN  - 
DoD  - 
FET  - 
GPHS  - 
GPS  - 
GaAs 
GaP  - 
Gb  - 
HEMPT  - 
Hz  - 
JPL  - 
JSC  - 
K - 
kg  - 
km  - 
LeRC  - 
Li-FeS2 
Li-TiS2 
MIMIC  - 
MMIC  - 
MRSR  - 
MW  - 
Mb  - 
Mips  - 
NASA  - 
NaS  - 
Nd  - 
OAST  - 
PID  - 
RAM  - 
RF  - 
RHU  - 
RMS  - 
RTG  - 
SSA  - 
SiGe  - 
TWTA  - 
VLSI  - 
YAG  - 
bps  - 
cm  - 
kW  - 
m - 


alkali  metal  thermoelectric  converter 

charge-coupled  device 

degrees  of  freedom 

Deep  Space  Network 

Department  of  Defense 

field  effect  transistor 

general  purpose  heat  source 

Global  Positioning  System 

gallium  arsenide 

gallium  phosphide 

gigabit(s)  # . 

high  electron  mobility  pseudomorphic  transistor 

hertz 

Jet  Propulsion  Laboratory 

Johnson  Space  Center 

Kelvin 

kilogram 

kilometer 

Lewis  Research  Center 
lithium-ferric  sulfide 
lithium-titanium  sulfide 

Mi c r owave /Mi 1 1 ime te rwave  Monolithic  Integrated  Circuit 

microwave  monolithic  integrated  circuit 

Mars  Rover  and  Sample  Return 

megawatt 

megabit (s) 

million  instructions  per  second 

National  Aeronautics  and  Space  Administration 

sodium— sulfur 

neodymium 

Office  of  Aeronautics  and  Space  Technology 

proportional— integral— derivative 

random  access  memory 
radio  frequency 
radioisotope  heater  unit 
root  mean  square 

radioisotope  thermoelectric  generator 

solid  state  amplifier 

silicon  germanium 

traveling  wave  tube  amplifier 

very  large  scale  integration 

yttrium  aluminum  garnet 

bits  per  second 

centimeter 

kilowatt 

meter 


iii 

PRECEDING  PAGE  BLANK  NOT  FILMED 


fACt  jl  JNILNilQtiAUX 


CONTENTS 


1 . INTRODUCTION  

2.  OVERVIEW  

3.  SAMPLE  ACQUISITION,  ANALYSIS,  AND  PRESERVATION 

WORKING  GROUP  

k.  MOBILITY  WORKING  GROUP 

5.  COMMUNICATIONS  WORKING  GROUP 

6.  GLOBAL  NAVIGATION  WORKING  GROUP  

7.  LOCAL  GUIDANCE  AND  HAZARD  AVOIDANCE  WORKING  GROUP  . 

8.  COMPUTING  AND  TASK  PLANNING  WORKING  GROUP  

9.  POWER  WORKING  GROUP  

10.  SYSTEM/MISSION  WORKING  GROUP  


Page 

1-1 

2-1 

3- 1 

4- 1 

5- 1 

6- 1 

7- 1 

8- 1 
9-1 

10-1 


APPENDIXES 

A.  TECHNOLOGY  PLANNING  WORKSHEETS  . 

B.  PRESENTED  MATERIALS  

C.  MARS  ROVER  CAPABILITY  SCENARIOS  . 

B.  PLENARY  SESSION  NOTES  


1-AA-l 

1-AB-l 

1-AC-l 

1-AD-l 


iv 


FIGURES 


n&*res  Page 

3—1.  Rover  Sampling  Capability  Options  3— g 

5-1.  Rover  K^-band  Antenna  Configurations  5_5 

7-1.  Semi-autonomous  Path  Planning  Architecture 

for  a Mars  Rover.  7_2 

TABLES 

Tables  t, 

Page 

1- 1.  Working  Group  Chairmen  

2- 1.  Summary  of  Rover  Capability  Options  2-2 

3- 1.  Rover  Traverse/Sampling  Scenarios  ....  ....  3—2 

2 • Operational  Characteristics  for  a Rover  Designed 

by  Geologists/Chemists  

A-l . Rover  Locomotion  Types  and  Characteristics  ........  4—2 

^“2.  Terrain  Model  Requirements  4_3 

5-1.  DSN  Long-range  Plan  Highlights 5_2 

5-2.  Antenna  Aperture  Size  and  DSN  Station  Pairs  for 

Mars-to-Earth  Communications  at  2.68  AU 5-3 

5-3.  Optical  Communication  Systems  Characteristics  5-8 

7-1.  Rover  Speed,  Power  and  Computing  Capabilities/ 

Requirements  for  a 1000-Kg,  500-W  Vehicle  7-5 

9-1.  Rover  Power  Requirement  Estimates  9_1 

9- 2.  Baseline  and  Enhanced  Power  System  Technologies  9-2 

10- 1.  System/Mission  Working  Group  Participants  10-2 

10-2.  Rover  - Necessary  Science  Skills  10-4 


v 


SECTION  1 


INTRODUCTION 


A return  to  the  surface  of  Mars  has  long  been  an  objective  of  NASA 
mission  planners.  The  ongoing  Mars  Rover  and  Sample  Return  (MRSR)  mission 
study  represents  the  latest  stage  in  that  interest.  As  part  of  NASA  s 
preparation  for  a possible  MRSR  mission,  a technology  planning  workshop  for 
the  Mars  rover  was  held  on  April  28—30,  1987,  in  Pasadena,  California.  The 
workshop,  which  was  sponsored  by  the  NASA  Office  of  Aeronautics  and  Space 
Technology  (OAST)  Space  Directorate  and  hosted  by  the  Jet  Propulsion 
Laboratory,  attempted  to  define  technology  requirements,  options,  and 
preliminary  plans  for  the  principal . areas  of  Mars  rover  technology.  The 
overall  objective  was  to  bring  together  members  from  the  various  segments  of 
the  U.S.  aerospace  community  (NASA  centers,  industry,  and  academia)  to  initiate 
coordinated  planning  of  requirements  for  Mars  rover  technology  development. 


The  workshop  was  organized  into  seven  technology  working  groups: 
Sample  Acquisition,  Analysis,  and  Preservation;  Mobility;  Communications; 
Global  Navigation;  Local  Guidance  and  Hazard  Avoidance;  Computing  and  Task 
Planning;  and  Power.  There  was  also  an  Executive  Panel  composed  of  the 
chairmen  of  the  individual  working  groups,  and  a cross-group  Systems/Mission 
working  group.  Each  technology  working  group  presented  a final  report 
detailing  the  results  of  their  efforts,  including  the  objectives  of  the  group, 
major  capability  or  technology  issues,  technology  forecasts  and  plans,  and 
recommendations.  This  document  constitutes  a summary  of  these  working  group 
reports.  The  chairmen  of  the  technology  working  groups  are  listed  in 
Table  1-1. 
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Table  1-1 . Working  Group  Chairmen 


Working  Group  Chairman 


Systems /Mission 

Sample  Acquisition,  Analysis, 
and  Preservation 

Mobility 

Communications 

Global  Navigation 

Local  Guidance  and  Hazard 
Avoidance 

Computing  and  Task  Planning 
Power 


J.  Mankins,  JPL 

D.  Blanchard,  NASA/ JSC 

S.  Hayati,  JPL 

D.  Bickler,  JPL 

R.  Horttor,  JPL 
L.  Wood,  JPL 

B.  Wilcox,  JPL 

T.  Kanade,  Carnegie  Mellon 
University 

D.  Eisenman,  JPL 

S.  Grenander,  JPL 

R.  Detwiler,  JPL 

C,  P.  Bankston,  JPL 


SECTION  2 


OVERVIEW 


The  specific  objectives  of  the  Technology  Planning  Workshop  for  the 
Mars  Rover  were:  to  establish  a set  of  preliminary  options  for  Mars  rover 

technologies,  based  upon  strawman  rover  capability  scenarios;  to  concisely 
identify  increased  rover  system  capability  and  mission  performance  due  to  each 
technology  option;  to  establish  initial  roadmaps  for  research  and  development 
for  the  various  technology  options;  and  to  formulate  a preliminary  long  range 
plan  for  the  timely  development  of  rover  technologies.  The  workshop  also 
aimed  to  establish  a common  basis  of  information  and  a network  o 
relationships  with  the  U.S.  aerospace  community  to  coordinate  and  focus 
further  planning  for  rover  technology  development. 

In  preparation  for  the  workshop,  several  alternative  strawman  rover 
capability  scenarios  were  developed.  These  minimum,  moderate,  and  maximum 
capability  options  were  not  intended  to  represent  "point  designs;  rather, 
they  were  intended  to  be  considered  individually,  with  interdependencies  (sue 
as  between  rover  mass,  instantaneous  speed,  and  power)  discussed  and 
quantified  if  possible.  Table  2-1  provides  a summary  of  the  various 
characteristics  of  each  scenario.  A copy  of  the  material  distributed  at  the 
workshop  is  provided  in  an  appendix.  All  scenarios  assume  that  100  days  out 
of  every  400  are  lost  due  to  sand  storms,  and  that  the  roundtrip  Mars/Earth 
communications  time  varies  from  approximately  8 to  40  minutes.  The  program 
new  start  date  was  chosen  to  be  1993  or  1995,  corresponding  to  launch 
opportunities  in  1998  or  2000,  respectively.  The  necessary  technology  must 
generally  be  at  a sufficient  level  of  maturity  by  these  "technology  cuto 

dates. 

For  a minimum  capability  mission,  the  landing  site  will  be  selected 
for  minimum  risk  to  the  mission.  The  terrain  will  be  a flat  plain,  with  no 
major  inclines  in  the  traversed  path.  The  maximum  steady  grade  traversed  will 
be  15-30%.  For  a moderate  mission,  the  landing  site  selected  will  present  a 
moderate  risk  to  the  mission.  Substantial  inclines  will  be  included  in  the 
traversed  path;  steady  grades  of  up  to  30-60%  will  be  traversed.  A maximum 
capability  mission  will  involve  a landing  site  selected  for  maximum  acceptable 
risk  to  the  mission.  Because  this  option  allows  for  extended  sampling 
operations  (500  km  traversed  distance),  the  lander  can  descend  either  into 
rough  country  or  into  less  risky  country  (in  which  case  the  rover  would 
traverse  to  and  from  the  rougher  country  for  sampling  at  a wide  variety  of 
sites,  such  as  the  bottom  of  ravines )• 

A minimum  capability  rover  will  take  samples  of  surface  materials, 
with  minimal  drilling  into  rocks  (to  about  10  cm)  and  no  coring.  The  moderate 
option  would  add  moderate  (2  m)  subsurface  coring.  Maximum  capability 
sampling  would  include  deep  (5  m)  subsurface  coring.  Even  deeper  coring  could 
be  considered,  as  well  as  limited  collection  of  the  atmosphere.  All  ree 
scenarios  would  utilize  Earth-based  selection  of  all  collected  samples. 

Limited  autonomous  pre-screening  of  samples  could  be  considered  for  the 
maximum  option. 
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Table  2-1.  Summary  of  Rover  Capability  Options 


Alternative  Scenarios 

Minimum 

Moderate 

Maximum 

Rover  Mass  (kg) 

Science  Package  Mass  (kg) 

400 

60 

700 

100 

1000 

140 

Average  Power  Level  (W) 

200 

300 

400 

Instantaneous  Surface  Speed  (m/hr) 

100 

500 

1000 

Rover  Mission  Duration  (yr) 

1 

3 

5 

Total  Traversed  Distance  (km) 
During  Sampling  (km) 

During  Extended  Operations  (km) 

100 

100(1  yr) 

1000 

100(1  yr) 
900(2  yrs ) 

5000 

500(1  yr) 
4500(4  yrs) 

Maximum  Object  Size  Traversed  (m)* 

0.5 

0.5 

1.0 

Global  Navigation  Accuracy  (m) 

1000 

100 

10 

Autonomous  Operations  Duration  (hr) 

1 

10 

100 

Total  Data  Transmitted  (Mb/day) 

100 

250 

1000 

Sample  Acquisition  Rate  (samples/day ) 

0.5 

2 

5 

Total  Mass  of  Collected  Samples  (kg) 

5 

5 

10 

*Known  surface  object  size  (i.e.,  the  maximum  resolution  of  orbital 
is  1.5  m. 

mapping) 

For  the  minimum  and  moderate  scenarios,  there  would  be  no 
operations  at  night.  The  maximum  option  may  involve  operations,  such  as 
traversing,  at  night.  Operations  for  a minimum  mission  would  end  with  ascent 
vehicle  departure.  In  the  other  two  scenarios,  an  extended  period  of  rover 
exploration  would  follow  ascent  vehicle  departure. 

The  U.S.  has  never  operated  a roving  vehicle  on  the  surface  of 
another  planetary  body,  without  the  assistance  of  a human  driver,  as  in  the 
Apollo  program.  Thus,  the  remote  control  of  the  path  of  such  a vehicle, 
whether  the  computations  are  performed  on  the  vehicle  or  on  Earth,  involves 
entirely  unproven  technology.  Not  only  are  new  sensing  and  processing 
capabilities  required,  the  basic  system  concepts  and  architecture  are  not 
well-understood.  The  following  paragraphs  present  brief  summaries  of  the 
conclusions  and  recommendations  of  the  working  groups  in  each  technical  area. 
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The  scientific  operational  usefulness  of  the  rover  is  primarily 
determined  by  its  level  of  capability  for  sample  acquisition,  analysis,  and 
preservation.  In  this  area,  there  is  a need  for  technology  development  in 
various  selected  subsystems.  A full-function  imaging  system  for  site  and 
sample  selection,  documentation,  and  characterization  will  be  required.  For 
the  sample  acquisition  system,  the  most  important  characteristic  is 
reliability.  Therefore,  the  emphasis  will  be  to  simplify  the  mechanical 
subsystems,  and  to  provide  redundant  arm  capability.  Realistic  testing  of 
these  devices  will  also  be  necessary.  Deep  subsurface  coring  may  present  a 
substantial  technology  challenge.  The  robotic  arms  must  function  in  a highly 
autonomous,  data-driven,  sensory-control led  manner.  Although  there  is  no  need 
for  a new  general  program  in  robotics  for  rover  applications,  there  is  a need 
for  specific  development  of  slow,  lightweight  manipulators  that  can  operate  in 
an  unstructured  environment.  Finally,  the  need  for  integrated  rover  system 
design  and  testing  is  a major  technology  development  issue;  a test-bed  which 
integrates  several  critical  rover  functions  (at  least  mobility,  sample 
acquisition,  and  local  guidance)  is  essential  to  the  timely  development, 
demonstration,  and  selection  of  optimal  technology  options. 

In  the  area  of  mobility,  a clear  requirement  for  the  early 
development  of  a detailed  Martian  terrain  model  was  identified.  A variety  of 
potential  configurations  and  technology  options  are  possible  for  the  rover 
locomotion  system,  including  legs,  wheels,  or  tracks.  The  working  group 
determined  that  computer  modeling  and  terrain/vehicle  simulation  should  be 
used  to  select  and  optimize  the  vehicle  configuration.  The  use  of  computer 
modeling  is  one  of  the  vehicle  industry's  emerging  techniques.  It  must, 
however,  be  coupled  with  experimental  proof  of  the  modeling  assumptions. 
Specialized  development  of  selected  mobility  systems  must  take  place, 
accompanied  by  extended  demonstrations  and  research  in  realistic  terrain. 
Because  prototype  testing  will  undoubtedly  reveal  failure  modes  not 
anticipated,  the  overall  process  will  be  one  of  iteration. 

In  the  area  of  communications,  there  are  two  potential  system 
configurations:  direct  communications  between  the  rover  and  Earth,  and  the 

use  of  a Mars  synchronous  orbiter  for  communications  relay  purposes.  The 
latter  option  would  enable  continuous  communications  support  from  Earth,  and 
reduce  the  communications  resources  required  on  the  rover.  For  a direct  rover 
link  to  Earth,  although  the  mission  could  be  performed  using  existing  X-band 
technology,  the  availability  of  Ka-band  communications  would  greatly  enhance 
overall  mission  performance.  Intensive  development  of  space-qualified 
Ka-band  components  will  be  necessary,  along  with  the  expected  expansion  of 
the  Deep  Space  Network  to  Ka-band.  Further  study  and  development  of  optical 
communications  technology  could  also  be  pursued,  although  an  operational 
system  is  not  expected  to  be  available  for  a mission  occurring  prior  to  the 
year  2000.  Communications  at  optical  frequencies  would  allow  for  a direct, 
high-rate  link  from  the  rover  to  Earth,  and  would  consume  fewer  rover 
resources . 


Global  navigation  of  the  rover  involves  the  problem  of  accurately 
determining  the  location  of  the  vehicle  on  Martian  surface  at  any  time. 
Global  navigation  is  quite  complex,  and  will  require  the  use  of  several 
classes  of  navigational  techniques.  These  alternative  approaches  include 
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inertial  and  dead-reckoning  techniques,  imaging-related  techniques  and 
radiometric  techniques.  Inertial  and  dead-reckoning  components  include 
gyroscopes,  accelerometers,  odometers,  and  compasses.  Imaging-related 

on-boa rd°da t a Vin t6 S *T**  c0I"Utl“  a"d  -»*"«.  ^erlZtly  ’a'd 
teeing  ^tegration  and  topographic  information  extraction 

the  use  ofeDoDnfe  metriC  techni?ues  for  rover  Position  determination  include 

(delta  VLB I ) ^Svs terns”! ? °r  dlfferentlal  very-long-baseline  interferometry 
nf tlthnin Studies  are  required  to  select  the  appropriate  ensemble 
the  rnv  qU6S ’ Advanced  technology  development  for  selected  applications  for 
the  rover  may  also  be  required.  In  addition,  high-resolution  (me^-Jevel) 
maps  of  possible  landing  areas  and  environs  should  be  obtained  prior  to  final 

mission^saf ety . ^ ^ t0  ^ in  great  detail  aad  to  enhance 

necessary  for  aa^0nornous  t°cal  guidance  and  hazard  avoidance  capability  is 
necessary  for  the  rover  to  traverse  substantial  distances  at  a reacrm^hle 

speed  without  complete  dependence  upon  Earth-based  path  designation  Local 
guidance  and  hazard  avoidance  is  highly  dependent  o!  the  selected  mix  between 

orb ^ y;sc::aptera^:cerhn8hcapabili-y’ and  surface  imaging  es. 

s stated  above,  a high-resolution  terrain  data  base  of  the 
ro!erCat beH°bt?ined*  Praferably  prior  to  the  arrival  of  the 

£ Sr 

environments b°8 16S  "ust  b<!  l-eloped,  integrated,  and  tested  using  realistic 

arnmirf  m,  Technolofy  for  the  area  of  computing  and  task  planning  revolves 

general  nuroo^r  recluirement  f°r  a dynamically  reconf igurable , 
general  purpose  processor  to  provide  computing  for  a variety  of  rover 

unctions,  including  mobility,  local  guidance,  and  sample  acquisition.  There 

o^L°r£?°8rr 

3 

distributed,  real-time  computing  architecture  for  the  rover. 

p°wer  technology  for  the  rover  will  depend  primarily  upon  the 
development  of  a specialized  radioisotope  thermoelectric  generate!  (RTG) 
system  for  use  on  Mars.  The  development  of  a highly  efficient 

red  ^ th°  6 eCtrlc  enerSy  conversion  capability  for  RTG  systems  would  greativ 
reduce  the  mass  and  volume  of  the  rover  nower  ovcfpm  tk  ^ i d greatly 

the  vehirlp  in  hho  m «- • • P°  er  system.  Thermal  management  of 

best  resolved  bv  the  d enyironment  is  a critical  issue  that  may  be 

"!®  ! I ! by  h °f  multlPle’  modular  RTGs . Further  development  of 

advanced  high-energy  batteries  and  regenerative  fuel  cells  is  necessary  to 

t!!hld?  3 h^gh'per^ormance  energy  storage  system.  Power  integrated  circuit 

2 dh;a0«8y  Fi„ii?;ir:d  to  re<lur the  n,ass  °f  -«ino„i„8g  iinZi 

RTC  FinaUy’  tW°  concePts  can  be  considered  as  an  alternative  to  an 

RTG-based  rover  power  system:  a central  power  station  involving  a nuclea! 
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fission  reactor  or  a solar  power  source  utilized  with  a rechargeable  rover;  or 
a photovoltaic/battery-powered  rover. 

A variety  of  issues  which  crosscut  technical  considerations  for  a 
Mars  rover  were  also  identified.  These  include  the  need  to  address  planetary 
quarantine  and  back-contamination  issues  early,  and  the  need  to  pursue  further 
technology  planning  for  a MRSR  mission  in  the  context  of  the  entire  mission 
(rover,  orbiter,  and  lander),  rather  than  considering  the  individual  mission 
elements  in  isolation. 

The  development  needs  and  recommendations  that  were  specified  by 
the  technology  working  groups  are  summarized  below. 


Sample  Acquisition,  Analysis,  and  Preservation 

• Test-bed  for  realistic,  integrated  testing  of  autonomous  sample 
acquisition  tasks 

• Full-function  imaging  system  for  site  and  sample  selection, 
documentation,  and  characterization 

• Highly  autonomous,  data-driven,  sensory-controlled  robotic  arms 

• Development  and  extensive  testing  of  reliable,  lightweight 
manipulators  and  other  sampling  devices 

Mobility 

• Early  development  of  a detailed  Martian  terrain  model  to 
support  mobility  system  selection  and  design 

• Computer  modeling  and  terrain/vehicle  simulation  to  select  and 
optimize  the  vehicle  configuration 

• Specialized  development  of  selected  mobility  systems, 
accompanied  by  extensive  testing  in  realistic  terrain 


Communications 


• Development  and  space-qualification  of  Ka-band  components, 
including  phased-array  antennas,  solid-state  power  amplifiers, 
multimode  tracking  feeds,  and  beam  waveguides 

• Highly-reliable  microwave  monolithic  integrated  circuit  (MMIC) 

K -band  devices  a 

• Expansion  of  the  Deep  Space  Network  (DSN)  to  Ka-band 

• (Optional)  Study,  development,  and  space-qualification  of 
optical  communications  technology,  along  with  an  Earth-orbiting 
or  ground-based  receiving  system 
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Global  Navigation 

High-rcsoiiiticm  maps  of  possible  landing  and  exploration  areas 
obtained  prior  to  final  site  selection 

Systems  studies  to  select  the  appropriate  set  of  rover 

terinf10na  •techniques’  includinS  inertial  and  dead-reckoning 
techniques  * imaglng-related  techniques,  and  radiometric 

^correlation  and  mapping,  photogrammetry , and  on-board 
capabilities11011  ^ t0p°graphic  information  extraction 

• Advanced  development  of  differential  very-long-baseline 
interferometry  tracking  technology 

Coordinated  acquisition  capability  for  orbital  tracking, 

or  i a imaging,  surface  imaging,  and  rover  inertial  and 
radiometric  guidance  data 


Local  Guidance  and  Hazard  Avoidance 


High-resolution  terrain  data  base  of 
obtained  prior  to  landing 


the  exploration  areas 


Advanced  development  of  sensors  for  the  rover,  including  an 
appropriate  laser  scanner  and  other  range  sensors. 


Advanced  path  planning  and  error  recovery  algorithms 


Extensive  testing  of  local  guidance 
subsystem  integration  approaches  in 


and  hazard  avoidance 
realistic  environments 


Computing  and  Task  Planning 


Faul t- tolerant , 


distributed,  real-time  computing  architecture 


Dynamically  reconf igurable , general 
for  rover  mobility,  local  guidance, 
functions 


purpose  flight  processor 
and  sample  acquisition 


Special-purpose  flight-qualified  processors, 
scale  integration  (VLSI)  components 


such  as  very  large 


Multi-megabyte,  fault-tolerant  random-access  memory 

Compact,  reliable  on-board  data  storage  system 
Power 


Mars  capable  RTG  system  with  highly  efficient  thermal-to- 
electnc  energy  conversion  capability 
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• Multiple,  modular  RTGs  or  other  approach  that  will  allow 
thermal  management  of  the  rover 

• Advanced  high-energy  batteries  and  regenerative  fuel  cells  to 
provide  a high-performance  energy  storage  system 

• Power  integrated  circuit  technology  to  reduce  the  mass  of  power 
conditioning  and  control  hardware 
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SECTION  3 


SAMPLE  ACQUISITION,  ANALYSIS,  AND  PRESERVATION  WORKING  GROUP 


The  objectives  of  the  working  group  were  to  establish  a preliminary 
baseline  for  sample  acquisition  technology  based  on  strawman  mission 
capability  scenarios.  Emphasis  was  placed  on  the  issues  of  science 
requirements,  instrumentation,  manipulation,  analysis,  and  preservation. 
Mission  capabilities  were  estimated  for  each  of  three  levels  of  rover 

sophistication  (minimum,  moderate,  and  maximum),  as  outlined  in  the  0 V6 1* V 1 6 W 
section  of  this  document.  The  areas  that  were  examined  are:  samples,  tools, 

and  preservation ; science  instrumentation;  robotic  autonomy,  configuration 
(arms  and  capabilities);  and  vision,  sensors,  control,  and  coordination. 
Attempts  were  made  to  identify  technology  issues,  to  determine  specific  areas 
of  required  technology  development,  and  to  estimate  the  necessary  development 
timelines  for  maturing  the  essential  technologies  in  time  to  meet  mission 
start  requirements. 

The  first  issue  that  arose  was  that  of  mission  requirements  for 
sample  acquisition,  analysis,  and  preservation.  The  mission  requirements  are 
scenario— dependent , and  are  influenced  by  the  feasibility  of  various  modes  of 
operation.  The  group  defined  operational /traverse  scenarios  for  each  of  the 
levels  of  rover  capability  using  relatively  simple  assumptions  about  mission 
timelines  and  rover  capabilities.  The  resulting  general  scenarios,  outlined 
in  Table  3-1,  are  useful  for  assessing  the  practical  implications  of  assumed 
rover  capabilities  in  terms  of  samples  collected  and  the  amount  and  quality  of 
science  conducted.  In  each  case,  the  proposed  rover  mission  would  begin  with 
a short  10-day,  0.5-km  radius  (maximum)  reconnaissance  trip  around  the  lander 
for  initial  survey  and  checkout  purposes.  Subsequently,  a number  of  planned 
traverses  would  take  place.  A typical  rover  traverse  would  conduct  about  4 
hours  of  work  every  24  hours,  visiting  8 sites  on  a 40  km  trip  taking  50  days, 
and  returning  to  the  lander  with  3 kg  of  soil,  rocks,  and  cores.  Note  that 
the  sample  acquisition  totals  listed  in  the  table  do  not  necessarily  represent 
the  number  of  specimens  delivered  to  the  lander;  it  is  assumed  that  the  rover 
will  probably  return  with  about  half  its  collected  samples  to  the  lander  for 
further  analysis. 

One  of  the  conclusions  reached  by  the  group  is  that  the  scientific 
operational  usefulness  of  the  rover  is  primarily  determined  by  the  level  of 
capability  of  its  sample  acquisition  system  and  the  frequency  of  uplink 
command  interaction  allowed  during  sampling  station  activities.  Another 
important  consideration  is  the  role  of  the  immobile  station  with  respect  to 
sharing  the  workload  on  the  surface  with  the  rover.  Enhanced  stationary 
lander  capability  simplifies  the  rover  tasks  and  allows  simultaneous  work  at 
the  stationary  lander.  Stationary  lander  functions  might  include  dust  and 
atmospheric  sample  collection,  subsampling  and  packaging  functions,  and 
scientific  instrument  platform  both  as  a stand  alone  science  station  (weather) 
and  as  a cooperative  station  with  the  rover  (seismic  thumping  or 
electromagnetic  sounding). 


1-3-1 


Table  3-1.  Rover  Traverse /Sampling  Scenarios 


Minimum 

Moderate 

Maximum 

Sample  acquisition  rate 

1 per  two  days 

1-2  per  day 

5 per  day 

Stops  per  traverse 

(planned) 

4-6 

8-12 

15-20 

Number  of  traverses 

Short 

4 

2 

2 

Medium 

1 

2 

2 

Long 

1 

1 

i 

Reconnaissance 

1 

1 

i 

Distance  of  traverses 
(round-trip) 

Short 

20  km 

20  km 

10  km 

Medium 

40  km 

40  km 

40  km 

Long 

80  km 

80  km 

100  km 

Reconnaissance 

3 km 

3 km 

3 km 

Duration  of  traverses 
(round-trip) 

Short 

30  days 

30  days 

30  days 

Medium 

50  days 

50  days 

50  days 

Long 

100  days 

100  days 

120  days 

Reconnaissance 

10  days 

10  days 

10  days 

Total  sample 

acquisition 

130  samples 

250-500  samples 

1200-1400 

samples 

Tools  for  sample  collection  fall  into  three  general  categories! 

(1)  end  effectors  for  the  manipulator  arms;  (2)  drills  for  soils  and  rocks; 
and  (3)  special-purpose,  single-function  "gizmos".  For  all  these  devices,  the 
most  important  characteristic  is  reliability.  The  primary  functions  of 
arm-mounted  tools  are  mostly  "pick  and  place"  functions,  which  are  relatively 
simple  operations.  The  group  determined  that  arms  for  the  tools  should  stay 
simple,  and  that  extra  degrees-of-f reedom  needed  for  specific  tasks  should  be 
built  into  the  end  effector.  The  strategy  of  a universal  mount  between  arm 
and  tools  with  mechanical,  power  and  signal  connections  incorporated  appears 
to  be  feasible. 

Drills  can  be  body-mounted  on  the  rover,  or  they  can  be  arm-mounted 
tools.  For  shallow  coring  of  rocks  and  small-diameter  (0.5  cm)  subsampling 
devices,  arm-mounted  drills  are  suggested.  The  feasibility  of  this  approach 
and  the  limits  on  core  depth  and  diameter  are  technical  issues  for  the 
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robotics  system.  Deep  soil-coring  and  robust  rock-coring  drills  will  probably 
be  body-mounted  tools  with  few  degrees-of -freedom.  Very  deep  soil-coring  (5  m 
depth  and  greater)  imposes  a more  complex  drilling  system.  The  interaction  of 
the  arms  in  support  of  drilling  operations  may  be  a significant  source  of 
requirements  for  the  arms.  While  the  general  technology  of  drilling  is 
well-understood,  new  designs  and  applications  require  extensive  testing  in 
realistic  environments. 

Single-function  devices  (gizmos)  should  be  considered  as  complements 
to  the  robotic  arm  and  tool  system.  Reliability  concerns  suggest  the  need  for 
simplicity;  some  functions  in  the  sampling  system  might  be  better  assigned  to 
fixed  single-purpose  equipment  than  to  talented  multi-purpose  arms  and  tools. 
Some  examples  of  gizmos  are  rock  crushing  apparatus  for  sample  preparation  for 
analysis,  a drill  press  analog  as  a subsampling  coring  device,  and  spring- 
loaded  drive  tubes  to  sample  duricrust  (as  in  the  minimum  rover  where  no  coring 
drill  is  anticipated).  There  is  no  particular  technology  impact  resulting  from 
these  types  of  tools,  except  for  specific  gizmo  development  needs  as  they 
become  identified . 

A rover  providing  a moderate  sampling  capability  should  contain  the 
following  sampling  devices: 

• Manipulator  arms  with  end— effector  tools  for  collection  of 
individual  rocks  and  duricrust  beds 

• Coring  drill,  2 m length  x 2 cm  diameter,  for  regolith  sampling 

• Manipulator— operated  dual  mini-drills  (1  cm  diameter  x 10  cm 
length)  for  rock/bedrock  sampling 

• Scoop  for  sampling  bulk  regolith,  fines,  rocks,  and  duricrust 

• Rake  for  collecting  lithic  fragments  > 1 cm  nominal  dimension 

• Impact  drive  tubes  for  near-surface  regolith  samples. 

The  stationary  lander  for  a moderate-capability  rover  should  include  the 
following  equipment: 

• For  primary  samples 

- Atmospheric  gas  sampler 

- Airborne  dust  collector 

• For  contingency  samples 

— Manipulator  for  bulk  soil  (scoop)  and  rock  acquisition 

- 2m  coring  drill 
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For  processing  of  samples 


- Core  drill  subsampler  (mini-coring  drill) 

- Rock  subsampler  (mini-coring  drill) 

“ Canister  loading  and  reloading  mechanisms 

With  this  equipment,  it  should  be  possible  to  obtain  a variety  of  the  sample 
types  required  for  a full  investigation  oft  igneous  and  sedimentary  rock— 
forming  processes;  soil-forming  processes;  regolith  layering,  with  implications 
for  climatic  history;  duricrust  formation  and  salt  migration;  volatile 
inventory  assessments  (carbonates  and  nitrates);  formation  ages  of  major 
geologic  units;  volcanic  history;  etc. 

A maximum  capability  rover  would  add  several  important  capabilities, 
including  more  versatile  sampling  arms,  and  a 5-m  coring  drill  which  would 
allow  improved  chances  for  reaching  buried  ice.  The  latter  is  especially 
necessary  at  the  lower  latitudes  of  Mars  because  the  depth  to  ice  is  expected 
to  increase  with  decreasing  distance  to  the  equator.  In  addition,  the  deep 
hole  will  make  feasible  an  experiment  to  measure  heat  flow,  which  is  expected 
to  provide  important  information  on  the  thermal  history  of  the  planet.  A soil 
penetrometer  would  also  be  added  for  systematic  measurements  of  soil  bearing 
strengths. 


For  a minimum  capability  rover,  one-shot  spring-driven  impact  drive 
tubes  would  be  substituted  for  the  coring  drill.  This  would  allow  sampling  of 
duricrust,  soil,  and  a minimum  of  sampling  of  soil  layers.  It  is  extremely 
unlikely,  however,  that  permafrost  ice  will  be  found  at  the  depths  that  could 
be  sampled  in  this  manner.  Core  sampling  of  rock  will  be  somewhat  limited 
because  of  restrictions  placed  on  the  versatility  of  the  manipulator  arm  and 
reduction  of  mini-drill  capability. 

preservation  purposes,  each  sample  should  be  maintained  in  the 
environmental  state  in  which  it  was  collected,  i.e.,  its  "natural  habitat"  as 
defined  by  the  lowest  mean  annual  temperature.  The  most  important  intensive 
variable  is  temperature,  although  ambient  gas  pressure  and  atmospheric 
composition  are  also  of  importance.  Therefore,  samples  will  require  a cold 
storage  facility.  Thermal  control  could  be  provided  by  passive  means 
(buffering)  or  by  active  cooling  (e.g.,  Stirling  cycle  or  Peltier  coolers 
could  be  considered).  Necessary  compromises  might  include  greater  emphasis  on 
cooling  regolith  samples,  with  less  emphasis  on  cooling  rock  samples. 
Containerization  and  preservation  could  be  assigned  to  the  stationary  lander. 
No  significant  technological  issues  in  this  area  were  identified  by  the  group. 

Table  3—2  lists  a number  of  rover  operational  characteristics 
desired  by  scientists.  The  basic  envisioned  operational  scenario  begins  as 
the  rover  navigates  itself  to  the  directed  area  of  interest,  and  parks.  It 
surveys  the  area  for  "objects"  of  possible  interest,  and  builds  a local  area 
map  of  object  locations  and  extracted  object  features.  These  data  along  with 
the  visual  data  are  then  transmitted  to  Earth.  The  scientists  then  select  the 
"objects"  of  interest  and  specify  the  operations  to  be  performed  on  them. 
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Table  3-2.  Operational  Characteristics  for  a Rover  Designed 

by  Geologists/Chemists 


Cruise  speed  of  rover 

Time  required  to  collect  a rock  or 
soil  sample 

Time  required  to  collect  a regolith  core 
sample 

Mass  of  a rock  sample 

Mass  of  a soil  sample 

Mass  of  a regolith  core  sample 

Time  required  to  collect  a visual  image 

Time  required  to  perform  a preliminary 
examination  of  a sample 

One-way  Mars/Earth  communication  time 

Time  required  to  make  a decision  on  Earth 
regarding  a rover  operation 


10  cm/sec 

30  min 

45  min 
76  g 
50  g 

600  g 
20  min 

2 hr 
20  min 

24  hr 


This  information  is  then  transmitted  to  the  rover,  and  the  task  execution  is 
performed  autonomous ly . 

A full-function  imaging  system  will  be  required  for  site  geology 
assessment  and  sample  selection,  documentation,  and  characterization.  There 
is  significant  functional  overlap  among  this  system,  systems  needed  for  local 
navigation,  and  systems  needed  for  control  and  coordination  of  the  arm  and 
tool  functions.  The  anticipated  role  of  the  imaging  system  in  conjunction 
with  the  autonomous  rover  systems  is  largely  one  of  documentation  and 
monitoring.  The  imaging  system  needs  no  particular  technology  innovation. 
However,  the  concept  is  nascent,  and  technology  issues  may  arise  as  the  concept 
ig  rgfineH  and  integrated  with  other  non— science  functional  requirements. 


In  all,  eight  science  instruments  were  identified  as  preliminary 
candidates  for  on-surface  measurements.  These  candidate  instruments  for  the 
rover  ares  stereo  cameras;  reflectance  spectrometer}  ultraviolet  spectrometer, 
atmospheric  pressure/temperature  sensors;  alpha— backseat ter  spectrometer;  x— ray 
fluorescence  spectrometer;  passive  seismometer;  and  soil  water  detector.  Most 
of  these  instruments  are  in  the  preliminary  stages  of  concept  and  development. 
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Robotics  technology  for  a Mars  rover  mission  was  one  of  the  primary 
areas  assessed  by  the  working  group.  Issues  were  addressed  within  three 
categories:  (1)  configuration  (number  of  arms,  number  of  joints,  etc.),  (2) 

control  of  arms,  and  (3)  autonomy.  These  technology  items  were  discussed 
within  the  context  of  the  minimum,  moderate,  and  maximum  levels  of  rover 
sophistication.  The  general  assessment  was  that  robotics  technology  is 
relatively  mature,  and  the  required  technology  can  be  developed  by  a 1993 
technology  cutoff  date.  One  possible  exception  is  the  area  of  autonomy,  which 
is  not  very  well  developed.  Considering  that  the  sampling  tasks  even  for  the 
maximum  mission  are  not  very  complex,  less  general  but  more  robust  autonomous 
motion  planning  and  mechanization  should  be  available  by  1993,  assuming  that 
research  and  development  starts  in  FY  1988. 

In  regard  to  sample  acquisition  system  configuration,  the  principal 
requirement  is  high  reliability.  Reliability  will  be  greatly  enhanced  by 
simplifying  the  mechanical  subsystems,  and  by  providing  redundant  arm 
capability.  The  advantages  of  having  two  arms  for  the  rover  are  recovery  from 
roll-over,  the  ability  for  one  arm  to  service  or  repair  the  other,  and 
redundancy,  in  case  one  arm  stops  functioning. 

Based  on  the  minimum  sampling  requirements  (i.e.,  one  sample  every 
two  days,  minimal  drilling,  and  no  coring),  the  group  agreed  that  two 
3-degrees-of  freedom  (DOF)  robotic  arms  would  provide  a simple  functional 
manipulation  capability  for  the  mission.  These  robotic  arms  will  obviously 
have  limited  orientation  capability;  hence,  the  spatial  range  of  the  operation 
will  be  very  limited.  The  main  reason  for  proposing  a 3-DOF  configuration  for 
the  arms  is  to  have  simple  and  reliable  mechanical  systems.  These  arms  should 
be  designed  utilizing  gear  trains  for  mechanical  power  transmission,  rather 
than  direct-drive  actuators.  Gear  technology  is  well-understood,  and  is 
essential  to  keep  the  mass  and  power  down  when  using  small  motors.  There 
should  be  a suite  of  tools  that  could  be  attached  to  the  arms  via  a universal 
interface.  The  interface  will  accommodate  power  to  the  tool  (if  required), 
and  also  transmit  sensory  information  to  the  arm  controller.  Tools  should 
consist  of  items  such  as  a servo-controlled  parallel-jaw  gripper  with  force 
sensing  capability,  a scoop,  a rake,  a simple  multi— finger  claw  (as  opposed  to 
a complex  multi-finger  hand),  a drill,  etc. 

For  a moderate  capability  mission,  the  rover  should  have  two  6-DOF 
arms.  This  configuration  would  provide  a greater  work  volume  with  which  the 
arms  can  be  utilized  to  perform  sampling  and  packaging  tasks.  The  increased 
degrees-of-f reedom  would  reduce  the  need  to  position  the  rover  in  an  exact 
position  and  orientation  for  sample  acquisition,  and  also  will  provide  greater 
flexibility  for  the  design  of  the  packaging  instrumentation  and  their 
particular  position  on  the  rover.  Some  elementary  repair  and  maintenance 
could  be  performed  as  part  of  the  moderate  mission  scenario.  Modularity  will 
be  important  for  the  rover  design,  so  that  parts  can  be  easily  replaced. 

A maximum  capability  rover  should  have  two  7-DOF  arms  for  more 
sampling  and  analysis,  as  well  as  maintenance  and  repair,  capabilities.  The 
extra  degree-of-f reedom  could  be  used  to  position  the  arm  in  hard-to-reach 
areas,  as  well  as  to  avoid  kinematic  singularities.  As  with  other  mission 
options,  one  can  always  choose  to  utilize  only  a few  of  the  degrees-of-f reedom 
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for  simpler  operations.  These  arms  could  be  used  to  assemble  core  drill  bits 
for  2-5  m coring  operations. 

Figure  3-1  summarizes  the  differences  in  sampling  configurations  for 
the  three  levels  of  rover  sophistication.  Note  that,  for  maintenance  purposes, 
one  of  the  arms  should  have  more  than  3 degrees-of-f reedom.  This  arm  should 
be  able  to  reach  every  location  on  the  rover;  the  length  of  the s arm  "ouid  be 
determined  by  this  requirement.  (Extra  degrees-of-f reedom  could  be  provided  by 
sophisticated  end-effector  tools.)  In  addition,  the  use  of  composite  materials 
to  make  the  arms  lightweight  and  stiff  should  be  researched. 

Currently,  most  industrial  robotic  arms  are  controlled  using  simple 
proportional-integral-derivative  (PID)  control  laws.  Advanced  research  in 
robot  control  is  mostly  concerned  with  perfect  trajectory  tracking  for  fast 
robot  movements.  Because  sampling  operations  will  be  performed  with  very 
moderate  velocities,  PID  control  laws  can  successfully  be  utiiized  for  each 
joint  without  being  concerned  with  non-linear  dynamics  coupling, 
laws  would  be  sufficient  for  the  minimum  and  moderate  capability  mission 
scenarios.  More  complex  control  laws  such  as  minimum  energy  solution  should 
be  used  in  conjunction  with  singularity  and  collision  avoidance  techniques  for 
the  maximum  mission  option- 

Force  control  is  also  required  for  sample  acquisition,  drilling, 
and  packaging  operations.  Force  control  is  not  as  mature  as  position  contro  ; 
hence,  further  developments  are  required  for  all  of  the  mission  scenarios, 
the  present  time,  many  universities  and  research  institutions  have  developed 
force  control  capabilities  for  carefully  staged  demonstrations.  It  is 
envisioned,  however,  that  force  control  techniques  will  mature  m the  next  few 

years . 

For  the  minimum  capability  option,  position,  velocity,  joint 
torques,  and/or  end-point  forces  and  torques  must  be  sensed.  The  position, 
orientation,  and  shape  of  objects  of  interest  must  be  provided  to  the 
controller  by  the  Earth-based  science  team  from  the  images  transmitted  by 
rover.  The  required  accuracy  will  be  a function  of  the  particular  tool  used 
for  sample  acquisition.  Accuracies  should  be  in  the  range  of  1-5  mm  for  the 
position  of  the  object,  and  1-2°  in  its  orientation.  A small  laser  rangefinder 
could  provide  this  capability.  The  moderate  mission  option  would  require 
proximity  sensor  feedback  for  enhanced  autonomous  operations.  The  maximum 
mission  option  would  incorporate  tactile  sensors  on  some  of  the  tools,  in 
addition  to  the  sensors  discussed  for  the  moderate  scenario.  Dual  arm  control 
will  be  required  for  more  complex  packaging,  repair,  and  maintenance , as  well 
as  for  acquiring  heavy  samples  and  for  assembling  core  drills.  ac  l e 
based  control  and  dual  arm  control  techniques  are  not  mature,  and^would  have 
to  be  developed  in  the  next  five  years.  In  addition  to  the  above  mentioned 
sensors,  rover-mounted  sensors  such  as  accelerometers  are  needed  to  account 
for  small  rover  movements  during  sampling  operations. 

The  level  of  autonomy  was  determined  to  be  an  important  factor  in 
the  operation  of  the  rover  in  general  and  sample  acquisition  in  particular. 

Due  to  the  long  communications  time  delay  between  the  Earth  and  Mars, 
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Capability 


Number  of  arms 


Degrees  of  freedom 


I Sensory  guidance 


Minimum 


Moderate 


Posjiion/velociiy/force/torque- 


Posrtion/rate- 


Proximity  and  vtsion- 


Non-contaci- 


*All  pomis  on 
rover  reachable 


I Autonomy 


Autonomous  one-arm  sample  acquisition  and  storage . 

One  sample/opera  I ion — * Multiple  samples/opera  lion 

Sample  grasp  straiegy — 

Manipulation  strategy  planning  — 
Sample  manipulation  tor  analysis- 

Forbidden  volume  avoidance — 

Collision -free  path  generation 


Cooperating  arms 


Figure  3-1.  Rover  Sampling  Capability  Options 


autonomous  operations  must  be  relied  upon  heavily  for  sampling.  In  addition 
to  this  long  time  delay  which  rules  out  teleoperated  movement  of  the  robotic 
arms,  mission  operation  complexities  will  restrict  command  uplink  to  the  rover 
to  at  most  once  a day.  Therefore,  the  arms  must  function  in  a highly 
autonomous,  data-driven,  sensory-controlled  manner.  It  was  felt  that  no  new 
language  is  required  for  implementation  of  the  low-  and  high-authority  portions 
of  the  controller  subsystem.  However,  the  software  architecture  of  such  a 
system  will  require  further  study  and  development.  Discussions  on  the 
predictability  and  safety  aspects  of  autonomous  operations  suggested  that  a 
simulation  tool  must  be  available  to  make  sure  that  appropriate  plans  would  be 
generated  by  the  task  planner  before  the  uplink  command  is  sent. 

. minimum  mission  option  would  require  high-level  task  planning 

tor  simple  "pick-and-place"  operations  of  only  one  three-DOF  arm  at  a time 
The  plan  must  generate  a series  of  subtasks  to  pick  up  the  designated  tool* 
approach  the  object,  grasp  it,  depart  with  the  grasped  object,  and  finally* 
place  it  in  a designated  container.  This  basic  level  of  autonomy  has  been 
demonstrated  at  research  institutions  and  universities. 

To  achieve  moderate  or  maximum  levels  of  rover  arm  autonomy 
additional  technology  must  be  developed  in  the  next  five  years.  In  the 
moderate  mission  option,  multiple  sample  acquisitions  by  simultaneously 
operating  arms  would  be  planned  and  executed  from  only  one  command  uplink. 
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Also,  modest  sample  manipulation  would  be  performed  by  the  arms  for  packaging 
and  analysis  purposes.  The  maximum  mission  scenario  requires  an  extra  degree 
of  autonomy,  since  the  rover  might  be  moved  by  a small  distance  after  acquiring 
the  first  sample  to  acquire  additional  specimens.  The  planning  would  include 
dual-arm  cooperating  task  execution  for  more  complex  sampling,  maintenance, 
and  repair  tasks.  For  this  option,  robust  algorithms  for  collision  free  path 
generation  must  be  developed. 

In  conclusion,  the  working  group  unanimously  agreed  that  the  best 
strategy  for  developing  the  required  technology  for  sample  acquisition, 
analysis,  and  preservation  is  to  build  a test-bed.  This  test-bed  can  provide 
a realistic  integrated  system  to  experiment  with  and  to  verify  various 
autonomous  sample  acquisition  tasks.  In  fact,  this  idea  can  be  broadened  to 
include  other  technology  areas  outside  of  sample  acquisition,  such  as  mobili  y, 
coranunications,  computing  and  task  planning,  and  global  navigation. 
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SECTION  4 


MOBILITY  WORKING  GROUP 


The  Mobility  working  group  primarily  looked  at  the  problem  of 
terrain  definition,  and  options  for  vehicle  configurations.  The  lessons 
learned  from  lunar  vehicle  developments,  the  state— of— the— art  in  legged 
vehicles,  and  the  experience  of  many  military  vehicle  developments,  were  all 
discussed  in  ways  that  they  relate  to  a Mars  rover.  The  impact  of  the  various 
rover  capability  scenarios  (minimum,  moderate,  and  maximum)  on  mobility 
technology  requirements  was  considered.  However,  the  group  determined  that 
while  these  scenarios  influence  future  point  designs,  they  are  not  drivers  in 
the  development  of  mobility  technology. 

The  function  of  locomotion  is  the  key  consideration  in  rover  design. 
The  degree  of  severity  of  the  terrain  dictates  the  type  of  locomotion  system 
used  (rolling,  crawling,  walking,  flying,  etc.).  Other  considerations  combine 
with  locomotion  to  determine  the  vehicle  configuration.  For  example,  the 
limited  volume  available  for  storing  the  rover  in  transit  to  the  Martian 
surface  requires  a combination  of  small  parts  and/or  collapsible  designs.  In 
addition,  to  the  extent  that  operations  are  performed  while  the  vehicle  is  in 
motion,  it  serves  as  a dynamic  instrument  platform.  For  some  static 
operations,  it  must  function  as  a rigid  base. 

Because  the  rover  vehicle  must  operate  autonomously,  it  must  be 
able  to  right  itself  and  to  withstand  overturning.  The  value  of  the  mission, 
coupled  with  the  uncertainty  of  the  hazards,  dictates  a self-righting  vehicle. 
By  ruggedizing  the  appropriate  instruments  and  equipping  the  vehicle  to  turn 
upright  again,  the  mission  can  be  continued.  The  rover  also  requires  the 
ability  to  recover  from  hazards  and  failures. 

The  spectrum  of  locomotion  types  is  very  broad.  The  working  group 
determined  that  there  are  two  major  types  of  locomotion:  legged  and  rolling. 

However,  by  incorporating  a pair  of  robust  manipulator  arms  to  be  used  also  as 
climbing  arms/legs,  a third  type  can  be  created  which  may  have  the  speed  and 
efficiency  of  wheels  while  adding  self-recovery  capability  and  the  ability  to 
climb  out  of  crevices.  Such  a "hybrid"  vehicle  is  expected  to  be  the  most 
efficient  means  of  overcoming  large  obstacles  and  self-righting  the  vehicle. 

The  arms  might  also  be  used  to  stabilize  the  vehicle  during  drilling 
operations.  Table  4-1  lists  the  most  significant  aspects  of  the  three 
locomotion  types.  The  number  of  legs/wheels,  degree  of  body  articulation,  and 
type  of  suspension  are  examples  of  configuration  elements  not  yet  resolved. 

In  the  table,  the  option  listed  for  wheels  as  ”4,  5,  6,  or  more"  is 
intended  to  point  out  the  significance  of  the  number  of  wheels.  Four  wheels 
could  be  the  most  efficient.  Five  is  unconventional,  but  is  still  stable  after 
losing  one  leg.  Six  is  the  most  popular  obstacle-climbing  configuration.  For 
soft  soils,  more  wheels  are  advantageous,  and  provide  improved  maneuverability. 
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Table  4-L.  Rover  Locomotion  Types  and  Characteristics 


Legs 

Wheels/Tracks 

Hybrid 

TECHNOLOGY 

OPTIONS 

-Various 

geometries 

-4,5,6,  or  more 
-Chassis  articulated 
-Various  suspensions 
-MAc t ive"  suspens ion 

-Wheels  and  legs 

RATIONALE 

-Fully  terrain- 
adaptable 
-Foldable 
-Omnidirectional 
-Stable  platform 

-Proven  technology 
-Potentially  simple 
-Efficient  on  smooth 
surfaces 

-Most  versatile 

COMMENTS 

-Complex 

-Trade-off  of  size 
with  number  of 
wheels 

-Needs  stabilization 

-May  compromise 
sampling 

The  comment  on  the  hybrid  type  is  meant  to  call  attention  to  the 
need  to  coordinate  the  vehicle  designer  and  the  sample  acquisition  engineer. 

In  order  to  make  the  legs  rugged,  it  is  likely  that  only  three  degrees-of- 
freedom  will  be  designed  into  the  legs.  However,  as  discussed  in  the  preceding 
section,  an  additional  three  to  four  degrees-of-f reedom  can  be  added  by  the 
use  of  sophisticated  end-effectors. 

For  the  legged  option,  near-term  research  is  necessary  to  provide  a 
better  understanding  of  the  way  a foot  sinks  into  the  soil.  This  understanding 
is  a prerequisite  to  developing  the  computer  software  necessary  for  negotiating 
combinations  of  turns  and  hills  on  various  soils  and  obstacles.  For  the 
wheels/tracks  option,  development  should  begin  with  determining  the  best 
configuration.  This  can  be  done  by  a combination  of  scale  models  of  computer 
modeling.  Similarly,  the  obstacle-climbing  maneuvers  of  a hybrid  arm-wheeled 
vehicle  need  to  be  analyzed  to  determine  an  optimal  configuration.  The 
configurations  that  result  from  each  option  should  then  be  compared. 

The  working  group  also  determined  that  a single  body  unit  has 
significant  advantages  over  several  body  units.  Distributing  the  load,  in  the 
form  of  a separate  body  unit  over  each  axle,  is  a proven  way  to  gain  obstacle 
climbing  ability.  However,  a single  body  unit  provides  important  advantages 
in  regard  to  thermal  control  and  instrument  platform  stability.  Improved 
suspension  schemes  need  to  be  developed  for  this  type  of  vehicle. 

The  Martian  terrain  presents  a unique  problem  for  the  vehicle 
designer.  Vehicle  design  will  involve  more  than  simply  selecting 
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characteristics  from  the  experiences  gained  either  on  Earth  or  on  the  Moon. 

The  Martian  gravity  is  between  that  of  the  Earth  and  the  Moon  (1>.38>.17). 

Mars  has  enough  atmosphere  to  burn  up  small  meteorites  and  turn  them  to  dust. 
Mars  also  has  volcanoes  which  have  likely  made  more  dust.  Indications  are 
that  Mars  has  much  more  dust  in  the  particle  size  range  of  less  than  10  microns 
than  the  Moon.  Whereas  the  Earth  forms  clay  from  particles  this  fine.  Mars 
has  dust  storms  which  circulate  the  dust  and  keep  it  loose.  The  deep  ravines 
of  Mars  are  likely  to  contain  "soil"  composed  of  dust,  compacted  and  bound  by 
frost  and/or  salt  crystals  to  an  unknown  value  of  cohesive  force. 

Consequently,  the  early  development  of  a detailed  Martian  terrain 
model  is  considered  to  be  essential.  For  preliminary  traverse  planning  it 
will  be  necessary  to  understand  the  consequences  of  compromising  the  vehicle 
mobility  at  specific  sites.  The  specter  of  deep  soft  dust,  m particular,  is 
the  most  threatening  unknown  (as  it  was  at  one  point  in  the  lunar  experience). 

A requirements  list  for  a terrain  model  is  offered  in  Table  4-2. 

In  order  to  design  a Mars  rover,  it  is  necessary  to  combine 
previous  vehicle  experience  with  what  is  known  about  the  Martian  environment 
and  what  is  desired  of  the  sample  gathering  mission.  The  recommended  procedure 
for  this  task  is  to  begin  with  computer  simulation  of  the  environment  and 
promising  vehicle  configurations.  Computer  modeling  is  becoming  the  vehic  e 
industry's  most  efficient  means  of  selecting  a design.  It  is  expected  t at 
key  generalizations  will  emerge  that  allow  trade-offs  to  be  performed.  After 
a superficial  computer  optimization,  laboratory  experiments  should  be  conducted 
to  determine  the  validity  of  the  interactions  between  elements  used  m the 
computer  analysis.  By  combining  and  iterating  computer  optimization  with 
laboratory  experiments  on  specific  elements,  a preliminary  design  will  emerge. 
The  design  needs  to  be  modeled  as  hardware  and  tested  extensively  in  order  to 
expose  any  shortcomings. 


Table  4-2.  Terrain  Model  Requirements 


Terrain  Category 

Characteristics 

Soils  (dust,  crust,  etc.) 

Angle  of  internal  friction 

Cohesion 

Size 

Depth 

Profile  (obstacles,  etc.) 

Roughness  (RMS  dimension) 
Size 

Shape 

Distribution 

Slope 

Distribution 

Angle 
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Although  there  is  considerable  experience  in  vehicle  design,  the 
rover  designer • still  does  not  possess  the  knowledge  necessary  to  configure  a 
vehicle  for  the  Martian  landscape.  It  is  not  known  how  to  trade  off  mobility 
capabilities  over  a variety  of  terrains  against  the  other  aspects  of  vehicle 
design  such  as  reliability,  efficiency,  speed,  etc.  This  situation  is  similar 
to  that  encountered  in  the  1960s,  when  a wide  variety  of  vehicles  were  proposed 
for  lunar  exploration,  including  many  innovative  new  vehicles  which  rolled, 
walked,  crawled,  and  burrowed  into  and  over  sand  and  rocks.  A few  wheeled* 
vehicle  designs  were  selected  which  had  been  reasonably  optimized  for  the 
surface  of  the  Moon.  These  designs  emphasized  the  practicable  features  of 
light  weight  and  collapsibility . Even  though  it  is  likely  that  the  chosen 
configuration  for  a Mars  rover  mission  will  emphasize  the  same  characteristics, 
the  vehicle  research  involved  in  developing  special  designs  is  of  great  value.’ 
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SECTION  5 


COMMUNICATIONS  WORKING  GROUP 


The  Communications  working  group  considered  the  technology 
requirements  end  options  for  the  various  communications  links  that  will  be 
necessary  to  support  principally  the  rover  part  of  a MRSR  mission.  Key 
assumptions  included  projected  Deep  Space  Network  (DSN)  capabilities  for  the 
late  1990's,  as  well  as  constraints  drawn  from  recent  MRSR  mission  studies. 
Technology  developments  required  for  microwave  and  optical  communications 
systems  were  identified,  along  with  constraints  or  requirements  imposed  on 
other  functions  or  subsystems. 

Two  major  configurations  are  possible.  In  the  first,  the  rover 
communicates  directly  to  Earth,  and  all  commanding  and  telemetry  needs  are 
performed  without  direct  involvement  of  the  orbiting  mapping  satellite. 

Because  this  configuration  depends  on  Earth  view  periods,  rover  operations 
requiring  Earth— based  involvement  necessarily  are  restricted  to  about  10  hours 
per  day.  The  second  configuration  uses  a Mars  synchronous  orbiter  for 
communications  relay  purposes.  This  option  would  provide  the  dual  benefits  of 
allowing  for  substantive  (Earth-interactive)  operations  during  the  Mars  night, 
and  of  reducing  the  communications  resources  required  on  the  rover.  The  relay 
satellite  also  could  function  as  a base  for  computational  support  to  mobility, 
hazard  avoidance,  and  sample  collection.  A reduced  capability  direct-to-Earth 
mode  would  serve  as  a backup  to  the  possibly  limited  lifetime  of  the  relay 
satellite . 


Another  potential  use  of  the  relay  satellite  could  be  as  a 
precursor  mapping  satellite,  if  sufficient  orbital  change  energy  can  be 
provided.  The  satellite  would  provide  high-resolution  maps  of  the  surface 
prior  to  final  site  selection  and  planning,  thereby  considerably  improving  the 
safety  of  the  mission.  Such  a precursor  should  be  launched  one  Mars 
opportunity  sooner  than  the  primary  mission. 

Daily  data  return  for  the  MRSR  mission  was  estimated  by  the 
Communications  working  group  to  be  between  a minimum  of  100  Mb  and  a maximum 
of  1 Gb.  Based  upon  an  approximately  5%  duty  cycle  for  transmission,  strawman 
downlink  telemetry  rates  of  30  kbps  and  150  kbps  were  selected.  Both  system 
configurations  are  capable  of  supporting  these  data  rates.  In  addition,  the 
30  kbps  and  150  kbps  rates  are  keyed  to  DSN  34-m  and  70-m  single  aperture 
performance,  respectively.  For  a full  Mars  year,  multiple  DSN  aperture  needs 
should  be  restricted  to  short  periods  of  high  importance.  A 1 Mbps  link  may 
also  be  required  for  high  data  rate  dumps,  science-  or  mobility-related  needs, 
or  high-interest  public  relations  opportunities  (real-time  TV  transmission). 
For  this  high-capacity  link,  using  the  orbiter  as  a relay  satellite  will  be 
necessary  if  optical  communications  technology  is  not  available. 

The  Earth-to-Mars  uplink  (command)  data  rate  capability  was  set  at 
2 kbps  by  the  working  group.  An  emergency  mode  of  about  8 bps  was  also 
selected.  For  these  requirements,  metric  tracking  performance  is  adequate  to 
support  navigation  functions.  Therefore,  the  tracking  function  does  not 
appear  to  be  a technology  driver. 
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The  DSN  configuration  available  to  support  the  MRSR  mission  by  the 
late  1990's  will  be  approximately  that  which  will  support  the  Voyager 
spacecraft  at  Neptune,  plus  technology  advances  as  defined  in  the  current  DSN 
long-range  plan.  Planned  implementations  to  the  DSN  are  summarized  in 
Table  5-1. 


Today's  DSN  downlink  system  temperature  capability  at  X-band  is 
25  K.  Installation  of  beam  waveguides  in  the  early  1990 's  is  a potential 
enhancement  which  would  facilitate  the  installation  of  Ka-band  (32  Ghz) 
downlink  capabilities  and  allow  reduction  of  the  working  system  temperature  at 
bund  to  the  neighborhood  of  15—18  K.  This  would  require  cryogenic  cooling 
of  feed  components,  and  lowering  of  the  operating  low-noise  amplifier 
temperature.  The  nominal  Ka-band  system  working  temperature  is  40  K at  30° 
elevation.  In  addition,  the  uplink  radio  frequency  (RF)  power  of  today's  DSN 
transmitters  is  20  kW.  The  DSN  long-range  plan  includes  prospective 
enhancement  of  this  capability  to  400-1000  kW  at  X-band. 

It  is  assumed  that  at  least  one  34-m  antenna  will  be  continuously 
available  to  support  a link  with  Mars.  Installation  of  multiple  receiver 
channels  and  dual  uplinks  will  allow  contact  with  multiple  Mars  spacecraft  via 
that  single  34-m  aperture.  The  70-m  DSN  aperture  will  be  made  available  as 
needed  to  support  the  higher  data  rate  operation.  Under  an  emergency  or 
special-event  situation,  higher-power  uplinks  and  arrays  of  receiving 
apertures  could  be  mobilized  to  provide  added  capability. 


Table  5—1.  DSN  Long-Range  Plan  Highlights 


• Increased  performance  of  64-m  antennas  by 
expansion  to  70  m and  improved  microwave 
efficiency  (1989) 

• Inter-agency  arrays  for  telemetry  and  radio 
science  enhancement  (1989) 

• X-band  uplink  (by  1989-90) 

• Ranging  capability  for  spacecraft  that  use 
X-band  uplink  (by  1989) 

• BLOCK  II  system  VLBI  terminals  (1987) 

• Improved  radar  signal  processing  equipment 
(1987),  and  transmitter  power  increase  to 

1 MW  (1993) 

• Replacement  of  "standard"  34-m  antennas 
with  new,  high-efficiency  34-m  antennas 
(1995) 

• Ka-band  downlink  services  (1995) 
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The  working  group  utilized  the  assumption  that,  for  a direct  rover— 
to-Earth  link,  the  rover  power  available  to  conduct  downlink  transmissions  will 
be  limited  to  the  same  120  W (approximately)  required  to  support  locomotion. 
Downlink  operation  will,  therefore,  be  available  only  from  a stationary  rover. 
This  constraint  was  derived  from  previous  studies  on  rover  capabilities. 

Another  important  limitation  for  a MRSR  mission  involves  antenna 
aperture  size  for  the  space  segment  of  the  mission.  For  a direct  rover  link 
to  Earth,  aeroshell  packaging  restrictions  will  constrain  the  aperture  diameter 
to  less  than  1.0  m,  unless  a deployable  design  is  considered.  An  aperture  size 
of  0.6  m or  less  would  be  ideal.  For  a relay  satellite  in  orbit  around  Mars, 
a 3.6-m-diameter  aperture  is  considered  nominal.  Table  5-2  lists  the  aperture 
sizes  needed  to  support  the  data  rates  from  Mars  to  Earth  using  various 
combinations  of  RF  transmitter  power  and  DSN  stations,  for  Ka-band  and  X-band 
frequencies.  The  values  in  the  table  include  allowance  for  uncertainties  in 
design,  manufacture,  measurement  error,  etc.  For  an  X-band  system,  the  root 
sum  square  of  the  tolerances  should  be  about  0.8  dB.  A conservative  sigma  of 
about  1.0  dB  is  used  for  a Ka-band  link,  because  this  technology  has  little 
or  no  space  flight  history.  For  a 90%  confidence  link  performance,  a margin 
of  2 sigma  should  be  adequate. 

The  table  shows  that,  for  a direct  rover-to-Earth  link,  minimum 
rover  communications  needs  can  be  accommodated  by  a mechanically  steerable 
0.6-m  dish  and  a 40-W  transmitter  on  the  rover.  This  X-band  system  would 
require  no  major  technological  developments.  However,  based  upon  the 
constraints  of  aperture  size  on  the  rover,  Ka— band  links  would  make  antenna 
packaging  far  easier.  Moreover,  for  a given  antenna  size  and  transmitter 
power,  a Ka-band  system  would  permit  an  improvement  in  data  transmission 
capability  of  approximately  a factor  of  five,  as  compared  to  X-band. 


Table  5-2.  Antenna  Aperture  Size  and  DSN  Station  Pairs  for 
Mars-to-Earth  Communications  at  2.68  AU 
(90%  reliability,  2 sigma  (1.6  dB  X-band, 

2.0  dB  Ka-band) 


Aperture 

Aperture 

Aperture 

Diameter 

Diameter 

Diameter 

(30  kbps,  34-m 

(150  kbps*  70-m 

(1  Mbps,  70-m 

RF  Power 

Stations ) 

Stations  ) 

Stations ) 

Ka-Band 

40  W 

0.2  m 

0.2  m 

0.8  m 

20  W 

0.3  m 

0.3  m 

1.2  m 

10  W 

0.4  m 

0.4  m 

1.7  m 

X-Band 

40  W 

0.6  m 

0.6  m 

1.8  m 

20  W 

0.9  m 

0.9  m 

2.7  m 

10  W 

1.3  m 

1.3  m 

3.8  m 
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For  a Mars-orbiting  relay  satellite,  a 1.3-m-diameter  X-band  antenna 
and  a 10  W transmitter  would  be  sufficient  to  meet  the  minimum  communications 
needs.  An  antenna  of  the  size  utilized  on  the  Voyager  spacecraft  should  be 
sufficient,  at  10  W RF  power,  to  provide  the  1 Mbps  link.  For  the  rover-to- 
orbiter,  1^-band  is  recommended.  A transmitter  power  of  less  than  10  W and 
a relatively  broad-beam  antenna  of  more  than  10°  should  be  adequate.  Note  that 
in  this  scenario,  the  relay  satellite  would  absorb  much  of  the  power,  pointing, 
and  computational  constraints  imposed  on  the  rover  communications  subsystem. 

The  rover  antenna  can  take  the  form  of  a fairly  simple,  low-gain 
antenna  if  a relay  satellite  in  Mars  orbit  is  implemented.  For  a direct  link 
to  Earth  with  aperture  size  on  the  order  of  0.6  m,  a number  of  Ka-band 
antenna  configurations  are  possible.  Some  of  these  configurations  are 
illustrated  in  Figure  5-1.  Two  array  approaches,  in  particular,  are 
attractive.  One  is  a body-fixed  phased  array  (labeled  "phased  array"  in 
Figure  5-1)  which  relies  completely  on  electronic  beam  steering.  A second 
approach  is  to  use  a combination  of  mechanical  and  electronic  beam  steering 
(labeled  "array  with  waveguide"  in  the  figure).  The  body-fixed,  electronically 
beam-steered  array  has  the  advantage  of  very  compact  packaging  with  no  stowing 
required.  The  disadvantage,  however,  is  its  complexity;  the  array  is  required 
to  scan  over  angles  on  the  order  of  60°,  which  implies  that  individually  phase- 
controlled  radiators  must  be  spaced  on  the  order  of  one-half  wavelength  (5 
mm).  Thus,  approximately  6,000  elements  are  required.  The  alternatives  are 
to  reduce  the  range  of  the  electronic  beam-steering  angle,  which  allows 
greater  spacing  between  elements,  or  to  use  sub-arrays  to  substantially  reduce 
the  number  of  active  elements.  If  the  electronic  beam  steering  range  is  less 
than  10°,  the  number  of  active  elements  can  be  reduced  to  the  order  of  200. 

To  produce  40  W of  radiated  power,  each  element  must  radiate  on  the  order  of 
200  mW. 


These  two  array  approaches  offer  several  attractive  benefits.  One 
benefit  is  the  capability  of  utilizing  the  array  for  electronic  beam  steering. 
This  is  an  important  consideration  because,  in  order  to  keep  pointing  loss 
less  than  1 dB,  pointing  accuracy  must  be  maintained  to  less  than  0.13°. 
Although  a complete  study  of  mechanical  pointing  systems  for  rover  applications 
has  not  been  carried  out,  it  is  anticipated  that  pointing  to  this  level  of 
accuracy  will  be  difficult  in  the  Martian  environment.  Coarse  pointing 
information  could  be  derived  from  rover  on-board  sensors,  and  fine  pointing 
information  could  be  obtained  from  a monopulse  system  incorporated  into  the 
Earth-to-rover  uplink  communications  system.  The  most  power-efficient  approach 
to  implementing  the  array  is  to  utilize  distributed  solid-state  amplifier  and 
phase  shifter  components.  The  array  would  provide  the  additional  benefit  of 
low-loss  power  combining  of  solid-state  amplifier  outputs. 

The  technologies  for  Ka-band  phased  array  antennas,  solid-state 
power  amplifiers,  multimode  tracking  feeds, and  beam  waveguides  are  generally 
at  the  conceptual  design  level.  In  contrast,  the  technology  for  a mechanically 
steerable  Ka-band  antenna  is  currently  at  the  breadboard  level. 
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Figure  5-1.  Rover  Ka-Band  Antenna  Configurations 


A key  concern  in  development  of  electronically  steered  arrays  is 
cost.  Cost  is  driven  by  labor-intensive  activities,  including  assembly  and 
test  of  the  large  number  of  elements.  The  use  of  microwave  monolithic 
integrated  circuit  (MMIC)  technology,  in  which  the  majority  of  device 
interconnects  are  eliminated,  will  help  bring  about  low  phased-array  cost.  In 
addition,  computer-aided  test  systems  are  being  developed  to  reduce  testing 
costs . 


MMIC  devices  are  presently  being  developed  for  use  at  Ka-band  by 
NASA  Lewis  Research  Center  (LeRC).  The  DoD's  Microwave /Millimeter-wave 
Monolithic  Integrated  Circuit  (MIMIC)  program  will  also  contribute  to  rapid 
advances  in  MMIC  technology.  In  addition,  new  device  structures  such  as  the 
pseudomorphic  high  electron  mobility  transistor  (HEMPT)  show  great  promise  for 
improved  performance  such  as  high  power  efficiency.  Within  the  last  six 
months,  for  example,  power-added  efficiencies  of  the  order  of  35%  have  been 
demonstrated  for  discrete  devices  of  this  type. 

JPL  has  recently  initiated  a Ka-band  transmitter  development 
program.  This  program  utilizes  devices  being  developed  at  the  Lewis  Research 
Center  (LeRC).  The  initial  objective  is  to  demonstrate  a one-dimensional 
electronically  beam-steered  array  utilizing  unpackaged  MMIC  amplifier  and 
phase  shifter  devices.  Initial  tests  of  this  test  bed  array  are  planned  for 
later  this  year.  Measurements  of  the  MMIC  devices  are  presently  being  carried 
out,  and  fabrication  of  components 
of  the  array  is  under  way. 
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The  state-of-the-art  of  Ka-band  solid-state  technology  is 
represented  by  gallium  arsenide  (GaAs)  field  effect  transistor  (FET) 
technology;  IMPATT  amplifier  technology  does  not  have  the  power  efficiency 
capability  of  FET  technology.  GaAs  FETs  have  been  demonstrated  with  power 
levels  of  the  order  of  1 W at  30  GHz,  but  with  low  gain  and  efficiency.  Power- 
added  efficiencies  of  the  order  of  35%  at  35  GHz  have  been  obtained  at  50  mW. 
Continued  effort  is  required  to  produce  both  high  power  and  efficiencies,  and 
these  devices  need  to  be  integrated  into  MMIC  devices.  LeRC  is  presently 
funding  programs  to  move  toward  these  goals,  but  enhanced  and  focused 
development  is  required.  The  present  thrust  of  NASA-funded  efforts  does  not 
include  packaging,  which  is  required  for  high-reliability  space  applications. 
Very  little  effort  has  been  undertaken  to  assure  reliability  of  MMIC  devices. 

To  meet  the  needs  of  the  rover  communications  system  for  a direct 
link  to  Earth,  high-efficiency  GaAs  power  FETs  with  power-added  efficiencies 
of  greater  than  35%  with  250  mW  or  more  output  power  are  required.  These 
devices  must  be  integrated  into  multistage  MMICs  to  obtain  gain  levels  of  the 
order  of  15-20  dB.  In  addition,  low-loss  phase  shifters  with  losses  of  less 
than  6 dB  are  required.  The  phase  shifters  must  be  integrated  with  high- 
efficiency  power  amplifiers  to  compensate  for  the  power  loss.  It  is  desirable 
to  integrate  digital  components  on  the  MMIC  chip  to  minimize  the  number  of 
interconnects  to  the  phase  shifter  digital  control  system. 

In  order  to  apply  these  devices  to  the  rover  communications  system, 
they  must  be  encapsulated  in  impedance-matched  packages  to  provide  hermetic 
seals  from  the  environment.  This  technology  does  not  presently  exist.  In 
addition,  the  devices  must  be  designed  and  tested  to  provide  high-reliability 
operation.  Automated  testing  procedures  must  be  devised  to  provide  low-cost 
devices.  Lower  costs  will  also  be  derived  from  the  development  of  improved 
MMIC  modeling  techniques  to  allow  more  rapid  convergence  on  a device  design. 

Transmit  module  and  circuit  technology  development  is  required  for 
the  rover  communications  system.  Areas  of  development  include  low-loss 
millimeter  wave  power  combiners  and  power  distribution  networks  to  maintain 
high  power  efficiency.  In  addition,  methods  of  optimal  integration  of 
radiating  elements  and  MMIC  devices  need  to  be  developed  to  minimize  circuit 
losses  and  costs.  Automated  testing  techniques  for  these  modules  require 
development.  Other  development  areas  for  transmit  modules  include  thermal 
control  systems  and  power  distribution  methods. 

Development  is  also  required  in  the  area  of  methodology  for 
optimizing  active  array  architecture.  This  methodology  must  consider  a number 
of  complex  issues,  including  low-loss  and  highly-reliable  interconnections  of 
RF  transmission  lines  and  dc  power  and  digital  control  lines.  The  optimum 
architecture  must  provide  integration  of  millimeter  wave  active  and  passive 
transmission  lines  and  radiating  elements  with  thermal  control  systems  packaged 
for  ruggedness  and  allowing  for  replacement  components.  It  must  accommodate  a 
modular  construction  technique  to  reduce  cost  and  allow  lower-level  subelement 
testing. 
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Efficient  design  procedures  require  the  development  of  improved 
active  array  analysis  methods  to  allow  more  accurate  predictions  of  performance 
to  reduce  the  costs  of  development  and  improved  performance.  Related  to  this 
is  the  need  for  improved  modeling  array  feed  element  analysis,  particularly 
planar  antenna  element  structures.  Another  important  area  is  the  development 
of  beam  waveguide  technology  to  reduce  signal  loss  from  the  antenna  system  to 
other  elements  of  the  millimeter  wave  system. 

Development  is  required  in  several  additional  areas  which  support 
active  array  systems.  These  include  digital  electronic  beam  steering  control 
systems,  control  system  interconnections,  power  supplies,  and  thermal  analysis 
methods.  Digital  beam-steering  control  systems  will  benefit  from  the 
development  of  custom  VLSI  circuits  integrated  with  the  microwave  components 
and  the  application  of  optical  interconnections  for  control  of  MMIC  devices. 

The  development  of  a Ka-band  exciter  and  transponder  subsystem  is  another 
critical  development  area.  This  subsystem  should  be  designed  to  incorporate  a 
high  level  of  MMIC  devices  to  minimize  size  and  mass. 

As  stated  earlier,  communications  at  optical  frequencies  would 
allow  for  a direct  1 Mbps  link  from  the  rover  to  Earth.  Critical  development 
of  most  components  for  this  application  are  required.  Optical  communications 
are  more  credible  for  a 1995  technology  cutoff  date  than  by  1993.  An  even 
more  substantial  obstacle  is  the  questionable  likelihood  that  NASA  would  be 
able  to  design  and  implement  a complete  network  of  ground  or  space-based 
terminals  that  could  be  made  operational  for  a mission  occurring  prior  to  the 
year  2000.  An  Earth-orbiting  receiver  (possibly  on  the  Space  Station)  would 
be  necessary  to  avoid  the  interference  from  adverse  weather  conditions  that 
ground-based  receivers  would  experience.  For  ground-based  reception,  three 
spatially  diverse  sites  in  the  vicinity  of  each  DSN  complex  would  be  required 
in  order  to  achieve  a system  weather  availability  of  about  97%. . Two 
telescopes,  spaced  several  hundred  miles  apart,  in  each  DSN  region  would 
achieve  91%  availability,  while  only  one  per  region  would  achieve  70% 
availability.  Logistical  considerations  for  maintenance  and  data  handling 
imply  that  the  ground-based  receivers  be  in  the  vicinity  of  existing  DSN 
resources . 


The  performance  values  for  a MRSR  optical  communications  system  are 
summarized  in  Table  5-3.  The  system  is  estimated  to  weigh  about  25  kg  and 
have  a deployed  volume  of  0.054  m3,  whereas  an  X-band  microwave  system  would 
weigh  about  40  kg  and  take  up  1.0  m3  volume  on  the  rover,  or  24.5  m volume  on 
the  orbiter.  In  addition,  an  optical  system  on  the  rover  would  also  consume 
35  W of  power,  as  compared  to  approximately  120  W for  the  microwave  system, 
thereby  permitting  data  transfer  during  roving  on  the  Martian  surface. 

Critical  technology  needs  for  optical  communications  include:  detectors  with 

>30%  quantum  efficiency  at  0.532  micrometers;  a 0.4-W  Nd:YAG  laser  with  >10% 
overall  efficiency  at  0.532  micrometers;  a 10-m  non-diffraction  limited 
collector  for  ground-based  reception;  and  detectors  and  techniques  for 
sub-microradian  acquisition,  pointing,  and  tracking. 
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Table  5-3.  Optical  Communications  System  Characteristics 

Package:  10  cm  telescope 

400  mW  doubled  Nd:YAG  laser 
35  W total  power 

25  kg  total  mass  (fully  redundant  except  for  telescope  and 
gimbal ) 

Receiver:  Ground-based  10-m  collector  (non-diffraction  limited) 

Downlink:  150  kbps,  bit  error  rate  = 1 x 10~3 
Uplink:  2 kbps,  bit  error  rate  = 1 x 10-9 
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SECTION  6 


GLOBAL  NAVIGATION  WORKING  GROUP 


The  Global  Navigation  working  group  addressed  the  problem  of 
accurately  determining  the  location  of  the  rover  on  the  surface  of  Mars*  This 
includes  both  the  estimate  of  the  vehicle’s  current  position  at  any  time  and 
the  knowledge  of  its  positions  at  previous  times.  The  group  attempted  to 
identify  the  most  promising  approaches  to  this  complex  problem,  and  to  specify 
required  advances  in  technology.  The  name  ’’Global  Navigation”  was  assigned  to 
the  group  to  distinguish  its  activities  from  those  of  the  Local  Guidance  and 
Hazard  Avoidance  working  group.  The  latter  group  was  concerned  with  the 
detection  and  avoidance  of  nearby  hazards,  whereas  the  Global  Navigation  group 
was  concerned  with  locating  the  vehicle  on  a larger  scale  with  respect  to  a 
Mars-referenced  coordinate  system. 

The  rover  navigation  task  will  start  before  landing,  with  detailed 
mapping  of  the  surface.  This  information  is  essential  for  determining  and 
describing  desirable  landing  sites  in  enough  detail  to  assess  landing  safety 
and  geological  interest.  The  same  information  is  used  to  plan  rover 
traverses.  Earth-based  operations  will  define  the  transformation  from 
inertial  (orbit-based)  coordinates  to  the  local  reference  frames  in  the 
vicinity  of  the  landing  site. 

The  Mars  Observer  mission  planned  for  1992  would  be  an  ideal 
opportunity  to  acquire  meter-level  resolution  maps  of  possible  landing  areas 
and  environs.  This  would  enable  a large  number  of  rover  excursions  to  be 
planned  in  great  detail,  and  would  minimize  the  number  of  surprises  to  be 
overcome  during  the  mission.  However,  because  of  mission  considerations,  the 
Mars  Observer  may  not  be  assigned  this  task.  An  alternative,  discussed  in  the 
preceding  section  of  this  document,  would  be  to  launch  the  MRSR  orbiter 
spacecraft  one  Mars  opportunity  sooner  than  the  primary  mission,  so  that  it 
would  provide  high-resolution  maps  of  the  planet  surface  prior  to  final  site 
selection  and  planning. 

Once  landed,  the  rover  will  use  its  inertial  instruments  to 
determine  its  attitude  in  the  local  reference  frame.  The  rover  imaging  system 
will  provide  stereo  views  of  the  local  terrain  for  Earth-based  correlation 
with  available  maps,  thus  determining  the  location  of  the  landing  site. 
Earth-based  Doppler  measurements  of  the  rover's  communications  downlink  and 
orbi ter-rover  ranging  can  also  be  used  to  help  locate  the  site. 

Once  initialized  in  local  position  coordinates  on  the  map,  the 
rover  can  autonomously  navigate  a traverse  toward  a target  location  identified 
in  map  coordinates.  It  will  use  standard  inertial  navigation  techniques  to 
maintain  its  knowledge  of  attitude,  position,  and  velocity  in  the  local 
reference  frame,  including  propagation  of  the  co-variance  of  this  knowledge. 
Inputs  to  this  computation  include  attitude  changes  from  gyroscopes, 
accelerometers  sensitive  along  all  three  axes,  and  integrated  wheel  rotation 
angle.  If  the  rover  is  a walker,  it  may  require  an  odometer  wheel. 


However,  the  accuracy  of  this  inertially-determined  position 
degrades  rapidly  with  time,  so  that  it  is  useful  only  as  a short-term 
reference.  By  modeling  its  own  navigational  error,  the  rover  will  determine 
when  it  requires  a position  update.  Periodically,  it  will  stop  and  become 
re-initialized.  Updating  the  rover  navigation  system  can  be  accomplished  in  a 
number  of  ways.  These  include:  Earth-based  radiometric  techniques;  map 

matching  and  image  correlation  (landmark  tracking);  laser  ranging  of  the  rover 
from  the  lander  or  the  orbiter  (reflector  tracking);  radar  ranging  (including 
orbiter  beacon  tracking);  and  stellar  updates  of  rover  attitude  (star 
tracking) . 


Earth-based  radiometric  techniques  include  the  use  of  Doppler 
ranging,  or  differential  very-long-baseline  interferometry  (del ta-VLBI ) . 

These  techniques  can  supply  precise  distances  between  lander  and  rover  in 
Earth-  or  Mars-centered  coordinates,  which  can  be  converted  to  local  map 
coordinates  through  orbiter  imaging.  With  the  use  of  conventional  Doppler 
tracking  and  ranging  of  the  rover  from  the  Earth,  it  might  be  possible  to 
determine  its  longitude  and  its  distance  from  the  spin  axis  of  Mars  to  an 
accuracy  of  tens  to  hundreds  of  meters,  with  the  third  position  component 
somewhat  more  poorly  determined.  With  the  addition  of  advanced  delta-VLBI 
techniques  (not  yet  demonstrated),  it  might  be  possible  to  determine  all  three 
position  components  to  an  accuracy  of  meters  to  tens  of  meters.  The  data 
processing  for  this  delta-VLBI  approach  could  take  place  on  the  Earth  (as  has 
always  been  done  to  date)  or,  conceivably,  on  Mars. 

Alternatively,  a highly-autonomous  position  update  can  be  obtained 
with  an  on-board  expert  system  which  can  correlate  the  local  scene  with 
horizontal  projections  of  orbiter  imagery.  The  latter  may  require 
self-initiated  traverses  to  add  scene  changes  to  the  image-correlation  process 
until  solution  confidence  is  high  enough  to  proceed.  If  the  orbiter  were 
assisted  by  another  orbiting  craft,  dual  ranging  to  the  rover  could  provide 
sufficient  position  information.  Another  possible  technique  for  obtaining 
periodic  position  updates  involves  measurement  by  the  rover  of  the  changes  in 
the  Doppler  shift  in  a radio  signal  from  the  orbiter,  as  the  orbiter  moves 
across  the  Martian  sky.  This  technique  is  the  basis  for  the  Transit  satellite 
navigation  system,  which  has  been  used  for  more  than  20  years  on  Earth.  Its 
use  on  Mars,  however,  will  require  considerable  modification. 

The  last  navigation  task  will  be  to  bring  accumulated  samples  to 
the  sample  return  vehicle,  which  will  be  either  the  lander  that  brought  the 
rover,  or  an  independent  craft.  If  the  lander  is  the  sample  return  vehicle, 
then  the  traverse  will  be  like  any  other  traverse,  because  the  lander  is  the 
origin  for  the  rover  local  reference  frame.  However,  if  the  sample  return 
vehicle  is  an  independent  craft,  it  must  first  ue  described  in  the  local 
reference  frame  through  the  same  processes  used  to  identify  the  initial  rover 
landing  site. 

If  high-resolution  maps  of  the  areas  to  be  explored  are  not 
available,  the  rover  navigation  task  changes  considerably.  Local  guidance  and 
hazard  avoidance  will  be  more  dependent  upon  rover  imaging  and  Earth-based 
supervision  of  path  selection.  Previously  planned  routes  may  be  found 
traversable  only  with  a fairly  robust  rover.  Radiometric  techniques  (or  a 
large  number  of  stereo  images)  will  be  required  to  determine  the  location  of 
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the  rover  and  to  update  its  position.  Moreover,  to  assure  a productive 
mission,  the  rover  and  its  navigational  capabilities  would  have  to  be  designed 
for  a wide  range  of  possible  extremes  in  traverse  scenarios  and  conditions. 

The  working  group  identified  technology  needs  for  three  general 
classes  of  navigational  techniques:  inertial  and  dead-reckoning  techniques; 

imaging-related  techniques;  and  radiometric  techniques.  These  technology 
areas  are  discussed  in  the  remainder  of  the  section.  Systems  studies  are 
required  to  select  the  appropriate  set  of  techniques  for  the  rover. 

Inertial  and  dead-reckoning  navigation  components  provide 
short-term  information  on  the  location  of  the  rover  relative  to  some  initial 
reference  point.  An  inertial  system  is  likely  to  comprise  an  array  of 
gyroscopes  and  accelerometers.  Essentially,  it  measures  the  short-term 
movements  of  the  vehicle  and  the  slope  of  the  local  terrain.  The  on— board 
computer  is  utilized  to  keep  track  of  the  position  and  attitude  of  the  rover 
with  respect  to  the  local  vertical  and  with  respect  to  the  lander. 

The  inertial  system  will  require  periodic  recalibration. 
Recalibration  consists  of  stopping  all  rover  motion  for  an  interval  sufficient 
to  assess  the  rest  outputs  of  the  inertial  sensors.  The  more  frequently  the 
inertial  system  is  recalibrated,  the  lower  are  the  errors  due  to  doubly 
integrating  accelerometer  bias.  A recalibration  schedule  for  providing  high 
performance  might  be  once  every  five  minutes,  for  a duration  of  one  minute. 

Deductive  (dead)  reckoning  is  the  process  of  maintaining  continuous 
knowledge  of  location  relative  to  some  starting  point  by  keeping  track  of  all 
motions.  Dead  reckoning  is  normally  implemented  by  plotting  motions  on  a map 
of  the  local  terrain.  Landmarks  may  also  be  plotted  on  the  map,  and  may  be 
used  subsequently  for  correcting  dead-reckoning  errors. 

Motions  can  be  plotted  either  by  doubly  integrating  accelerometer 
measurements  or  by  measuring  surface  motion  using  an  odometer.  An  odometer 
can  use  measurements  of  the  rotation  of  a wheel.  The  wheel  may  be  one  of  the 
rover's  drive  wheels  or  a coasting  wheel.  Unfortunately,  errors  in  measuring 
wheel  rotation  can  result  from  skidding  and  from  highly  sloping  local  terrain, 
such  as  boulders,  walls,  or  other  obstacles.  Alternatively,  stereoscopic 
measurements  of  distances  to  visible  terrain  features  may  provide  greater 
accuracy. 


A compass  can  also  be  used  for  dead  reckoning,  to  determine  rover 
latitude.  Although  applicable  to  navigation  on  Mars,  the  magnetic  compass 
lacks  accuracy  even  on  Earth  where  the  magnetic  field  is  far  stronger  than  on 
Mars,  and  it  would  suffer  from  interference  by  the  magnetic  field  produced  by 
the  rover.  An  alternative  is  gyrocompass ing,  which  involves  measuring  the 
planetary  rotation  vector.  Any  of  a variety  of  gyroscopic  sensors  can  be 
used,  including  spinning  wheels  or  laser  gyros. 

A baseline  inertial  reference  unit  for  a MRSR  mission  should  measure 
three  components  of  body  angular  rate  and  three  components  of  acceleration. 

More  than  three  accelerometers  and  more  than  three  gyros  should  be  used  to 
provide  redundancy.  The  inertial  and  dead-reckoning  system  should  also 
include  a wheel  to  function  as  an  odometer.  The  wheel  must  be  non-driven  to 
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eliminate  skidding.  Optional  additions  and  substitutions  to  enable  a 
high-performance  system  include:  a gravity  gradioraeter  to  determine  contact 

acceleration  with  respect  to  the  three  components  of  position,  and  to  measure 
the  magnitude  and  location  of  gravity  anomalies;  a three-axis  stabilized 
platform  to  replace  the  baseline  inertial  reference  unit  described  above;  and 
an  optical  odometer  based  on  measuring  surface  motion  using  a charge-coupled 
device  (CCD)  sensor. 

Advances  in  the  state-of-the-art  will  enhance  the  performance  of 
inertial  and  dead-reckoning  navigation,  but  are  not  essential  to  enable  the 
mission.  Improved  performance  will  result  in  higher  accuracy  in  locating  the 
rover,  and  will  reduce  the  required  frequency  of  position  updates.  However, 
although  latitude  can  be  computed  directly  from  inertial  measurements,  the 
latitude  deviations  from  predicted  inertial  performance  that  will  result  may 
be  larger  than  permitted.  Radiometric  or  other  techniques  may  be  necessary  to 
provide  the  required  accuracy.  Radiometric  or  other  techniques  may  also  be 
needed  to  provide  longitude  and  latitude  to  sufficient  accuracy. 

In  the  area  of  imaging-related  navigational  techniques,  there  are 
three  fundamental  technologies  involved  with  solving  the  rover’s  navigation 
and  positioning  requirements:  image  correlation  and  mapping,  photogrammetry , 

and  on-board  data  integration  and  topographic  information  extraction.  A very 
considerable  development  effort  is  required  to  coordinate  the  gathering  of 
orbital  tracking,  orbital  imaging,  surface  imaging,  and  rover  inertial  and 
radiometric  guidance  data.  The  primary  objective  of  this  capability  is  to 
maximize  the  rover's  autonomy  by  minimizing  Earth-based  supervision  of  local 
path  selection,  time  utilization,  and  resource  (power)  utilization. 

An  important  issue  is  correlation  of  steroscopic  images  taken  by 
the  lander  with  stereoscopic  images  taken  by  the  orbiter.  Images  taken  by  the 
rover  will  be  increasingly  difficult  to  interpret  as  feature  distance  from  the 
rover  increases.  Distinctive  skyline  profiles  may  be  identifiable  on  images 
taken  from  orbit,  but  more  gentle  features  in  the  "mid-field"  (between  about 
10  ra  and  1 km  from  the  rover)  may  be  nearly  impossible  to  correlate  with 
orbiter  images.  On  board  the  rover,  automated  correlation  of  an  expected  scene 
with  the  actual  scene  may  be  highly  desirable  to  allow  extension  of  the  time 
or  path  intervals  over  which  continuous  rover  travel  can  occur.  Algorithms 
for  automated  scene  correlation  must  be  developed  and  rigorously  verified. 

It  is  important  that  the  rover  take  stereoscopic  images  so  that 
distances  to  landmarks  (and  their  sizes)  can  be  accurately  measured.  These 
images  will  also  be  essential  for  scientific  interpretations  and  sample 
documentation.  It  is  also  important  that  stereoscopic  images  of  the  rover 
traverse  be  taken  from  orbit  because  stereoscopy  increases  interpretability 
and  identification  of  landforms  by  at  least  an  order  of  magnitude.  It  also 
allows  accurate  measurement  of  slopes  that  might  affect  traverse  planning. 

The  Mars  Observer  altimeter  will  provide  the  first  comprehensive  survey  of 
Mars  topography,  and  will  provide  a vital  regional  calibration  to  stereoscopic 
surveys  of  the  actual  landing  site  made  by  the  MRSR  orbiter. 

The  rover's  cameras  should  have  sufficient  sensitivity  to  sense 
stars  in  daytime.  Precise  measurements  of  the  directions  to  identifiable 
stars  can  be  used  to  define  a celestial  coordinate  system,  and  thereby  provide 
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compass  information.  By  relating  compass  and  vertical  information,  latitude 
can  be  determined;  by  relating  celestial,  vertical,  and  chronometer  data, 
longitude  can  be  determined. 

Experience  with  Surveyor,  Apollo  and  Viking  has  demonstrated  that 
image  resolution  of  approximately  one  meter/pixel  is  required  for  adequate 
optical  tracking  of  a surface  traverse  from  orbit.  Positive  identification  of 
surface  vehicles  can  be  provided  by  optical  reflectors  on  the  vehicles, 
oriented  by  a simple  computer  system  to  reflect  the  Sun  into  the  lens  of  an 
orbiting  spacecraft.  The  data  processing  techniques  required  to  extract 
high-accuracy  (1-m)  topography  from  near-vertical  orbiter  imaging  (also  at  the 
1-m  accuracy  level)  must  be  developed  and  automated  and  verified.  Concepts 
for  doing  this  exist,  but  the  accuracies  achievable  must  be  ascertained  from 
simulations.  The  total  number  of  orbiter  pictures  required  to  cover  a rover 
tour  area  may  be  large;  hence,  the  process  must  be  automated  far  beyond  the 
analysis-intensive  methods  which  are  currently  used. 

The  rover  will  require  an  on-board  data  integration  and  topographic 
information  extraction  system  to  provide  information  about  where  the  rover  is, 
what  features  are  around  it,  and  what  features  are  between  it  and  its 
destination.  This  system  must  integrate  information  from  regional  topographic 
maps  with  the  rover  photogramme try  system  in  real-time  to  produce  local 
position  and  route  planning  information,  continuously  updating  its  data  base. 
Such  a system  would  likely  be  based  on  a "neural  net"  computer  architecture 
operating  within  a parallel  processing  system.  The  DoD  is  actively  funding 
research  in  this  and  related  technology  areas,  with  breadboard  testing  more 
likely  by  1995  than  1993.  Parallel  NASA  research  will  be  necessary  to  address 
the  rover's  more  specific  requirements,  and  to  examine  alternative 
technologies.  Related  spatial  data  integration,  correlation,  and 
interrogation/query  issues  need  further  investigation. 

As  discussed  earlier  in  this  section.  Earth-based  radiometric 
techniques  for  rover  position  determination  include  the  use  of  Doppler, 
ranging,  or  differential  very-long-baseline  interferometry  (delta-VLBI ) . 
Delta-VLBI  is  a technique  of  radio  astronomy  that  can  be  used  to  precisely 
measure  the  angular  separation  of  two  signal  sources.  Two  (or  more) 
widely-separated  tracking  stations  are  used  at  once  to  observe  the  sources. 

The  signal  delay  in  arriving  at  the  two  stations  is  measured  for  both  signals. 
The  measured  difference  between  the  delays  gives  the  angular  separation  of  the 
sources.  The  angular  separation  can  be  converted  to  linear  separation  using 
the  known  distance  to  Mars.  Two  Earth  baselines  can  provide  the  two- 
dimensional  plane— of— sky  vector  between  the  sources.  The  third  dimension  can 
be  inferred  from  a model  of  the  Mars  surface  or  can  be  measured  by  direct 
ranging. 


The  Mars  rover  and  lander  could  provide  two  radio  signals  which, 
when  viewed  from  Earth,  would  have  very  small  angular  separations  of  less  than 
1 arc  sec.  These  two  signals  (and  that  of  the  orbiter  as  well)  will  sit  well 
within  the  mainbeam  of  a 70— m DSN  tracking  station  at  X— band.  This  will  offer 
an  unusual  opportunity  to  perform  delta-VLBI  with  extraordinary  accuracy.  For 
example,  observing  simultaneously  from  two  4,000-km  baselines  in  North  America, 
it  will  be  possible  to  determine  the  two-dimensional  vector  between  the  rover 
and  the  lander  with  an  accuracy  of  about  2 m,  no  matter  what  their  separation, 
from  an  observation  lasting  less  than  60  seconds. 
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Current  VLBI  tracking  technology  uses  a wide  bandwidth  (40  MHz)  to 
achieve  accurate  measurement  of  signal  group  delay  between  stations.  Using 
this  bandwidth,  accuracy  at  Mars  would  be  a few  hundred  meters.  To  achieve 
few-meter  accuracy,  it  is  proposed  to  extend  the  effective  bandwidth  to  8.4 
GHz  by  resolving  the  cycle  ambiguity  of  the  X-band  carrier.  This  will  improve 
the  precision  by  a factor  of  more  than  200.  To  achieve  this  ambiguity 
resolution,  it  will  be  necessary  to  increase  the  transmitted  signal  bandwidth 
to  several  hundred  megahertz. 

In  addition  to  directly  measuring  the  rover-lander  vector, 
delta-VLBI  can  indirectly  aid  rover  navigation  by  establishing  very  precisely 
(on  the  order  of  1 km)  the  absolute  positions  of  the  rover  and  the  lander  on 
Mars,  and  the  Mars  ephemeris  in  the  inertial  reference  frame  defined  by  very 
distant  (extra-galactic)  radio  sources.  This  would  require  alternate 
observations  of  the  vehicles  and  a distant  source,  typically  a quasar. 
Delta-VLBI  could  also  provide  few-meter  determination  of  the  position  of  the 
rover  with  respect  to  the  orbiter,  and  thereby  improve  orbiter  tracking.  It 
should  be  possible  to  produce  a position  measurement  from  the  raw  observat ion 
in  less  than  30  minutes. 

To  achieve  these  capabilities,  several  areas  of  current  technology 
must  be  extended.  A new  wideband  transponder,  preferably  with  a maximum  tone 
separation  of  400  MHz,  must  be  developed  for  each  vehicle  to  be  observed.  The 
frequencies  and  signal  structures  to  be  used  must  be  determined.  A portable, 
real-time,  high-precision  phase  extractor  must  be  developed  for  installation 
at  the  tracking  stations.  This  would  be  a straightforward  adaptation  of 
existing  Global  Positioning  System  (GPS)  receivers  which  have  the  requisite 
performance  characteristics.  The  data  processing  system  for  fast  turnaround 
of  the  observations  must  also  be  developed. 

Alternatively,  the  delta-VLBI  scenarios  could  be  inverted,  so  that 
a signal  is  transmitted  from  the  Earth  and  received  at  the  two  landed  vehicles 
on  Mars.  The  accuracy  of  the  angular  measurement  would  be  identical  to  the 
original  scenarios.  The  advantage  that  this  would  provide  is  that  the  rover 
could  acquire  a measurement  of  two  components  of  the  lander— rover  vector 
without  the  round-trip  light  time  delay  inherent  in  an  Earth-based  processing 
system.  This  would  necessitate  phase-extracting  receivers  on  the  rover  and 
lander,  and  a communications  link  between  the  rover  and  lander.  The  processing 
(phase  differencing)  would  have  to  be  performed  on  the  rover  or  lander  prior 
to  transmission  to  Earth. 

Finally,  to  calibrate  stereoscopic  measurements  made  by  the  orbiter, 
accurate  orbital  determinations  are  required.  These  can  be  obtained  with 
state— of— the— art  techniques  through  VLBI  ranging  and  other  tracking  methods. 

For  example,  the  orbit  of  the  Mars  orbiter  can  be  precisely  determined  by  a 
combination  of  tracking  from  Earth  and  by  tracking  an  orbiter  beacon  from  the 
lander.  In  addition,  the  rover’s  location  relative  to  the  lander  and  the 
orbiter  could  be  measured  by  tracking  the  orbiter  beacon  from  the  rover  and 
comparing  rover  and  lander  measurements. 
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SECTION  7 


LOCAL  GUIDANCE  AND  HAZARD  AVOIDANCE  WORKING  GROUP 


Because  of  the  long  delay  in  round-trip  telemetry  from  Mars  to 
Earth,  local  navigation  by  conventional  teleoperation  is  highly  impractical. 

The  Mars  rover  must  be  able  to  autonomously  sense,  perceive,  and  plan  for 
safely  navigating  in  the  local  environment  toward  a designated  goal.  This 
will  allow  for  traverse  distances  substantially  greater  than  those  achievable 
with  Earth-based  path  designation  alone.  The  Local  Guidance  and  Hazard 
Avoidance  working  group  identified  key  components  that  are  required  for  this 
capability,  and  produced  concrete  recommendations  for  developing  such 
technologies.  Detailed  discussions  on  sensing,  perception,  planning,  and 
control  took  place.  The  group’s  discussions,  conclusions,  and  recommendations 
are  summarized  in  this  section* 

The  local  guidance  and  hazard  avoidance  problem  is  characterized  by 
the  need  to  traverse  through  very  rough  terrain,  with  the  requirement  for 
extreme  reliability,  in  spite  of  very  constrained  computing  resources.  Even 
with  high-resolution  a priori  knowledge  of  the  region  being  explored,  extreme 
care  will  have  to  be  taken*  Figure  7—1  outlines  one  possible  semi— autonomous 
path  planning  architecture  for  a Mars  rover* 

Local  guidance  and  hazard  avoidance  involves  the  determination  of 
commands  (steering,  speed,  braking,  etc.)  to  the  rover  mobility  system  which 
will  enable  the  rover  to  safely  follow  global  routes  to  the  science  sites  and 
to  the  sample  return  vehicle.  This  requires  the  following:  local  terrain 

sensing  by  stereo  cameras  and/or  by  laser  scannings  evaluation  of  range  data, 
probably  in  light  of  an  existing  topographic  map;  determination  of  surface 
properties  (e*g*,  slope,  roughness,  and  estimated  frictional  coefficient);  and 
selection  of  a suitable  path  which  minimizes  some  combination  of  risk,  power, 
and  distance  from  the  global  route.  The  mobility  commands  for  this  desired 
path  are  then  generated,  as  are  expected  sensor  outputs.  During  the  traverse, 
the  expectations  are  compared  to  the  actual  sensor  readings,  and  excessive 
variance  will  result  in  appropriate  replanning  (or  even  reflex  action  if 
necessary).  After  traversing  a modest  distance  (perhaps  10  m,  depending  on 
the  type  of  range  sensing  used),  the  process  repeats. 

The  working  group  divided  its  discussions  among  the  topical  areas 
of:  sensing  and  perception;  planning;  programming  and  computation;  and  vehicle 

control.  Emphasis  was  placed  upon  identifying  the  capabilities  that  could  be 
demonstrated  by  a 1993  technology  cutoff  date.  In  the  area  of  sensing  and 
perception,  the  consensus  of  the  group  was  that  several  sensing  modalities  are 
needed  on  the  rover  to  reliably  determine  the  geometry  of  the  terrain.  These 
include  stereo  image  correlation,  at  least  one  of  three  possible  active  sensors 
(laser  scanner,  sonar  phased  array,  and  millimeter  wave  radar),  and  some  sort 
of  mechanical  probe  (which  could  be  used  intermittently  when  conditions 
warrant).  These  sensors,  together  with  an  accurate  heading  reference  unit, 
inclinometers,  an  odometer,  and  articulation  sensors,  will  provide  the  raw  data 
for  planning  a safe  path  for  the  vehicle. 
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Figure  7-1.  Semi-Autonomous  Path-Planning  Architecture  for  a Mars  Rover 

In  regard  to  fusion  of  the  sensor  data,  two  approaches  were 
suggested.  One  approach  would  use  statistical  techniques  to  combine  the 
various  data  to  produce  an  integrated  "best  estimate"  range  map  of  the  terrain. 
It  was  suggested  that  a 100  x 100  range  map,  subtending  about  1 radian  and 
extending  to  some  30  m in  range,  would  be  about  right.  The  other  approach 
involves  the  use  of  the  various  sensor  data  by  the  terrain/vehicle  interaction 
modeling  and  path-planning  algorithms  only  at  the  appropriate  points  dictated 
by  the  particular  algorithms.  It  was  generally  agreed  that  both  approaches 
have  merit  and  should  be  investigated  further.  In  addition,  it  was  felt  that 
estimation  of  surface  properties  was  probably  too  ambitious  for  a 1993 
technology  cutoff  date,  but  might  be  provided  by  Earth-based  computations  on 
the  ground  as  part  of  global  route  planning  derived  from  orbital  imagery. 

It  was  estimated  that  the  total  processing  requirements  for  sensing 
the  terrain  and  perceiving  hazards  and  obstacles  from  the  rover  range  from  a 
few  million  instructions  per  meter  to  500  million  instructions  per  meter  of 
forward  travel.  A caveat  in  this  estimate  concerns  sonar  phased  arrays.  A 
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two-dimensional  phased  array  might  necessitate  as  many  as  a trillion 
instructions  to  form  a range  map.  Moreover,  the  effect  of  the  thin  Martian 
atmosphere  on  sonic  propagation  and  attenuation  is  not  known;  it  is  assumed 
that  appropriate  impedance-matching  elements  would  allow  sonar  to  work. 

However,  it  was  generally  agreed  that  special-purpose  hardware  might  allow  the 
processing  of  sonar  maps,  the  correlation  of  stereo  images,  and  other  needed 
computations  without  excessive  power  consumption.  It  was  also  agreed  that  the 
development  of  an  appropriate  laser  scanner  is  essential. 

A strong  majority  of  the  group  felt  that  it  would  be  impossible  to 
convince  a project  manager  that  long  traversals  could  be  performed  with 
acceptable  risk  without  first  having  a high-resolution  (about  3 m resolution) 
terrain  data  base  of  the  area  of  operations.  As  discussed  in  the  Global 
Navigation  section  of  this  document,  this  would  require  an  imaging  orbiter  in 
a low  or  highly  elliptical  orbit  capable  of  acquiring  stereo  images.  Due  to 
the  Viking  experience  of  frequent  ground  fog,  dust  storms,  and  other 
atmospheric  attenuation,  this  orbiter  should  be  launched  at  some  prior 
opportunity  to  avoid  excessive  delays  in  getting  quality  pictures  of  the 
operating  area.  It  was  also  pointed  out  that  is  is  an  enormous  task  to  prepare 
a high-quality  terrain  data  base  at  the  resolution  desired  for  this  mission, 
which  is  another  reason  for  making  the  orbiter  a precursor  mission. 

In  general,  several  attractive  planning  approaches  and  algorithms 
exist,  and  there  is  little  risk  in  demonstrating  these  elements  of  the  local 
guidance  and  hazard  avoidance  subsystem  by  1993  following  an  appropriate 
research  and  integration  effort.  A number  of  unresolved  issues  were  identified 
in  planning.  These  include:  replanning  after  local  failure;  backtracking; 

risk  assessment  of  a tentative  planned  path;  reactive  planning  in  the  event  of 
slippage;  opportunism;  optimality  (or  acceptability)  criteria  — risk,  power, 
speed,  etc.;  representing  and  dealing  with  uncertainty;  the  level  of  task 
specifications  from  Earth;  and  to  what  degree  the  local  guidance  and  hazard 
avoidance  subsystem  will  be  involved  in  planning  sample  retrievals. 

The  computing  requirements  for  planning  were  felt  to  lie  perhaps  an 
order  of  magnitude  down  from  the  high  end  of  the  estimated  sensing  and 
perception  requirements.  Thus,  a few  tens  of  millions  of  operations  per  meter 
should  be  adequate  for  path  planning.  It  was  suggested  that,  like  sensing  and 
perception,  some  major  computationally— intensive  aspects  of  planning  could 
benefit  from  the  use  of  custom  VLSI  or  other  special  hardware. 

In  the  area  of  programming  and  computation,  a discussion  of 
languages,  operating  systems,  and  development  environments  revealed  that  the 
dominant  development  languages  are  C and  LISP,  and  dominant  operating  system 
is  Unix,  and  the  most  popular  development  environment  is  the  68020/VME-bus- 
based  Sun  workstation.  However,  there  are  significant  differences  among 
today1 s various  mobile— robot  software  development  environments,  to  the  point 
where  there  is  little  software  portability  at  the  object  code  level. 

The  software  system  will  have  to  be  reliable,  exhibit  the 
characteristics  of  graceful  degradation,  error  protection  and  fault  recovery, 
and  be  reprogrammable  at  all  levels.  The  group  addressed  a variety  of 
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additional  topics  as  well,  including  software  verification,  software 
development  and  debugging  tools,  the  usefulness  of  simulations,  and  the 
requirements  imposed  on  the  on-board  operation  system.  Some  members  of  the 
group  felt  that  the  technology  of  software  verification  is  advanced  to  the 
point  where  it  can  make  a significant  contribution  over  normal  software 
development  procedures.  Others  felt  its  applicability  to  a complex  system 
like  this  is  very  limited. 

The  vehicle  control  technology  area  can  be  partitioned  into  three 
sensor/perception  systems:  visual  perception,  vestibular  perception 

(orientation,  acceleration,  etc.)  and  proprioceptive  perception  (articulation 
sensing  and  vehicle  three-dimensional  modeling  of  itself).  The  degree  of 
proprioceptive  sensing  that  will  be  needed  depends  on  the  type  of  vehicle 
locomotion  selected,  as  well  as  its  maneuverability  requirements.  The  group 
agreed  that,  at  a minimum,  the  rover  will  need:  a three-dimensional 

representation  of  the  local  environment;  estimates  of  the  surface  friction, 
load  bearing  capacity,  etc.;  a stability  model  of  the  vehicle;  and  some  way  to 
generate  and  verify  expectations  about  path  execution.  Additional  issues  in 
this  area  include  reflex  responses  and  error  detection,  diagnosis,  and 
recovery. 


The  total  test  experience  to  date  with  control  of  autonomous  mobile 
robots  in  natural  terrain  is  estimated  to  be  on  the  order  of  5 km.  However, 
extensive  simulations  of  vehicles  on  rough  terrain  have  been  conducted,  and 
the  results  appear  promising.  Consequently,  it  was  generally  agreed  that,  with 
the  exception  of  vehicle  reflex  action  to  unexpected  dynamic  factors  (e.g., 
slipping  on  a sand  dune),  several  approaches  and  algorithms  exist  which  could 
be  integrated  relatively  quickly  in  a technology  demonstration.  As  with 
planning,  it  was  felt  that  a processing  capability  of  a few  tens  of  millions 
of  operations  per  meter  would  be  adequate  to  model  the  terrain/vehicle 
interaction  for  use  by  the  path  planner. 

Based  upon  the  discussions  summarized  above,  the  total  computing 
requirements  for  safe  travel  by  the  rover  were  estimated  to  be  between  50  and 
500  million  instructions  per  meter.  The  lower  figure  is  roughly  equally  split 
between  sensing  and  perception,  planning,  and  terrain/vehicle  interaction 
modeling,  while  the  upper  figure  is  dominated  by  sensing  and  perception, 
principally  stereo  correlation.  It  was  also  generally  agreed  that  additional 
computation  could  be  used  almost  without  limit,  but  that  these  estimated  values 
would  permit  sufficiently  low  risk  that  the  mission  would  not  be  compromised. 

Power  requirements  are  closely  tied  to  these  computing  requirements. 
The  basis  for  concern  over  power  is  the  low  estimated  power  budget  for  the 
vehicle  - between  250  and  500  W for  all  vehicle  functions,  including  mobility. 
This  can  be  compared  to  a typical  autonomous  military  vehicle  test-bed,  which 
has  a few  tens  of  kilowatts  for  computing  alone.  Consequently,  requests  were 
issued  to  the  Mobility  and  Computing  and  Task  Planning  working  groups  for 
estimates  of  the  power  requirements  for  mobility  and  computing,  respectively. 
The  Mobility  group  arrived  at  an  estimate  of  0.6  to  8 watts  per  kg  of  rover 
mass  per  m/sec  of  forward  travel  (corresponding  to  an  effective  frictional 
coefficient  of  0.15  to  2).  The  Computing  and  Task  Planning  group  estimated 


1-7-4 


that  a radiation-hardened,  flight-qualified,  general-purpose  multiprocessor 
could  be  configured  with  3-5  million  instructions  per  second  (Mips)  performance 
for  20-25  W power  consumption,  complete  with  its  necessary  I/O  and  memory. 

This  translates  into  a performance  level  of  4 to  8 watts  per  Mips. 

Given  a rover  mass  and  power  budget,  these  estimates  for  computing 
and  power  requirements  can  be  used  to  determine  the  vehicle  speed  capability, 
the  needed  performance  of  the  on— board  computer,  and  the  distribution  of  power 
between  the  computing  and  mobility  subsystems.  These  values  are  shown  in 
Table  7-1  for  a 1000-kg  rover  with  a 500-W  power  supply.  The  "worst"  and 
"best"  cases  correspond  to  the  extremes  of  the  range  estimates  for  computing 
and  power  requirements.  The  "moderate11  case  uses  the  logarithmic  mean  for  the 
range  estimates. 

For  all  three  cases,  the  power  distribution  and  computer  performance 
requirements  are  disturbingly  high.  In  each  case,  as  would  normally  be 
expected,  most  of  the  power  would  go  to  the  mobility  subsystem  during  long 
traverses.  However,  in  the  historically- justified  case  of  conservative 
estimates  for  computer  and  software  performance,  and  with  a moderate  mobility 
power  requirement,  up  to  75%  of  the  power  would  be  available  for  computing,  as 
in  the  fourth  case  portrayed  in  the  table.  For  this  case,  it  is  envisioned 
that  a computer  with  up  to  40  Mips  performance  would  be 


Table  7-1.  Rover  Speed,  Power,  and  Computing  Capabilities/ 
Requirements  for  a 1000-kg,  500-W  Vehicle 


Case  (local  guidance  and 
hazard  avoidance  computing 
requirement ; mobility 
power  requirement;  computing 
power  requirement 

Average 
Rover  Speed 

Power 

Distribution 

Computer 

Performance 

Worst  (5  x 108  instructions 
per  meter;  8 W/kg  per 
m/sec;  8 W/Mips) 

4 cm/sec 

67%  mobility, 
33%  computing 

20  Mips 

Moderate  (1.5  x 10® 

instructions  per  meter; 

2 W/kg  per  m/sec;  6 W/Mips) 

17  cm/sec 

69%  mobility, 
31%  computing 

25  Mips 

Best  (5  x 107  instructions 
per  meter;  0.6  W/kg  per 
m/sec;  4 W/Mips) 

62  cm/sec 

75%  mobility, 
25%  computing 

30  Mips 

Worst /moderate  mobility 
(5  x 10®  instructions 
per  meter;  2 W/kg  per 
m/sec;  8 W/Mips) 

8 cm/sec 

33%  mobility, 
67%  computing 

40  Mips 
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required.  This  is  at  least  100  times  the  performance  of  any  computer  that  has 
heretofore  been  used  on  a planetary  spacecraft.  Therefore,  the  use  of  custom 
VLSI  or  special  computational  hardware  (such  as  a single-instruction,  multiple 
data  processor  array)  may  be  required  to  perform  the  necessary  computations 
using  significantly  less  power. 

It  was  the  general  consensus  of  the  working  group  that  Earth-based 
path  designation  alone,  where  an  operator  views  wide-baseline  stereo  images 
and  designates  an  extended  path  for  the  rover,  would  not  be  safe  for  designated 
paths  in  excess  of  about  30  m.  Given  the  roughly  1-hour  turnaround  for  these 
commands  due  to  the  long  speed-of-light  delay,  this  results  in  a rover  speed 
of  just  under  1 cm/sec.  Thus,  even  the  worst-case  estimates  for  computing  and 
power  requirements  allow  for  an  average  rover  speed  of  more  than  U times  that 
which  can  be  achieved  through  Earth-based  path  designations  alone,  as  indicated 
in  the  table.  Autonomous  local  guidance  and  hazard  avoidance  also  greatly 
simplifies  the  mission  ground  operations. 

The  group  made  four  recommendations  based  upon  its  discussions  and 
conclusions.  The  first  recommendation  is  for  a 3-m-resolution  terrain  data 
base  to  be  developed  for  the  areas  to  be  explored,  preferably  prior  to  the 
arrival  of  the  rover  at  Mars.  A 30-cm  aperture  camera  in  a low  or  highly- 
elliptical  orbit  around  Mars  could  achieve  this  objective.  This  camera, 
smaller  than  the  one  on  Mars  Observer,  need  not  require  a highly  expensive 
spacecraf  t . 


The  second  recommendation  is  that  local  guidance  and  hazard 
avoidance  subsystem  elements  and  integration  approaches  should  be  tested  in 
realistic  environments  starting  as  soon  as  possible.  Thousands  of  kilometers 
of  testing  are  needed  by  1993.  Because  multiple  plausible  approaches  exist, 
several  integration  efforts  must  proceed  in  parallel.  It  was  noted  that  a 
number  of  test-bed  vehicles  exist  today,  and  that  the  creation  of  a Mars-like 
terrain  of  sand  and  boulders  could  be  accomplished  very  quickly.  However,  at 
the  speeds  at  which  these  vehicles  operate  testing  over  great  distances  will 
take  a long  time. 

The  group  recommended  that  research  and  development  in  the  following 
areas  is  crucial  and  should  begin  immediately:  sensors;  perceptual  and 

planning  algorithms;  reflex  and  error  recovery  algorithms;  and  special- 
purpose  computing  hardware  (e.g.,  custom  VLSI)  for  higher  performance  per  watt. 
A small  majority  of  the  group  agreed  that  the  single  most  attractive  sensing 
modality  for  the  rover  is  laser  scanning.  Scanners  adequate  for  immediate 
research  are  manufactured  by  several  companies,  but  the  specific  character  of 
these  devices  is  not  optimized  for  the  needs  of  a Mars  rover.  Ultimately,  a 
low-power,  compact,  and  rugged  unit  with  f ew-centimeter  accuracy  over  ranges 
from  0-30  m,  and  able  to  scan  about  0.5  x 1.0  radian  with  a few  tens  of 
thousands  of  measurements  in  a few  seconds  or  less,  is  needed.  Current  devices 
have  greater  performance  (such  as  speed)  than  is  needed,  but  resolution,  range, 
and  power  are  not  optimal  for  this  application.  It  would  also  be  desirable 
for  the  scanner  to  be  capable  of  focusing  on  a distant  (a  few  kilometers)  site 
for  a longer  time  in  order  to  determine  point  ranges,  but  this  may  not  be 
feasible.  Finally,  it  was  generally  agreed  that  the  rover  must  have  more  than 
one  way  of  sensing  range  of  terrain  features.  Most  members  of  the  group 
favored  stereo  correlation,  while  a significant  minority  felt  sonar  phased 
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arrays  or  millimeter  wave  radars  have  attractive  properties.  All  of  these  can 
benefit  greatly  from  custom  hardware  developments. 

The  fourth  recommendation  states  that  because  unmanned  rovers  are 
essential  to  solar  system  exploration,  a long-term  research  and  development 
program  should  be  supported.  It  is  clear  that  Mercury,  the  moons  of  Jupiter 
and  Saturn,  and  the  other  solid  bodies  of  the  Solar  System  will  have  surface 
rovers  long  before  humans  set  foot  on  them.  Therefore,  it  makes  sense  to 
develop  the  technology  for  highly  capable  rovers  that  can  operate  effectively 
even  with  speed— of —light  time  delays  of  many  hours,  or  with  communications 
blackouts  of  days  or  weeks. 


SECTION  8 


COMPUTING  AND  TASK  PLANNING  WORKING  GROUP 


The  Computing  and  Task  Planning  working  group  consisted  of  members 
from  various  space  technology  disciplines,  including  spacecraft  sequence 
planners,  artificial  intelligence  system  developers,  and  autonomous  vehicle 
technologists.  The  diversity  of  the  participants  illustrates  the  strong 
interdisciplinary  nature  of  this  technology  area.  The  requirements  placed  on 
the  computing  and  task  planning  functions  for  the  rover  are  largely  secondary; 
i.e.,  they  are  driven  by  the  capabilities  of  the  on-board  subsystems  and  the 
expected  mode  of  rover  operation.  In  particular,  rover  computing  technology 
must  satisfy  performance  requirements  for  (1)  local  guidance  and  hazard 
avoidance,  (2)  science  and  sample  acquisition  operations,  and  (3)  mobility 
(depending  upon  the  configuration  selected). 

Up  to  a point,  more  capable  and  autonomous  subsystems  will  increase 
requirements  for  both  general-purpose  computing  capability  and  task  planning. 
Because  specific  rover  capabilities  and  modes  of  operation  have  not  yet  been 
determined,  the  computing  and  task  planning  requirements  are  largely  unknown. 
Therefore,  most  of  the  group’s  discussions  centered  on  bringing  up  issues, 
rather  than  arriving  at  conclusions  and  detailed  recommendations. 

The  rover  will  require  a distributed,  real-time  computing 
architecture  with  the  following  characteristics: 

• Highly  reprogrammable 

• Dynamically  reconf igurable 

• Hosts  and  coordinates  procedural  and  symbolic  processing 

• Highly  adaptive  to  environment 

• Fault-tolerant 

• Provides  system  safety 

• Provides  diagnostic  and  recovery  planning 

Advanced  development  of  general-purpose  computing  hardware,  special-purpose 
processing  hardware,  and  software  will  be  necessary  to  realize  this  goal. 
Integrated  testing  will  be  needed  to  develop  computing  and  task  planning 
technology  for  all  rover  systems. 

An  on-board  general-purpose  processor  capable  of  performance  on  the 
order  of  1-10  million  instructions  per  second  (Mips)  will  be  required  for  the 
rover.  This  estimate  assumes  that  the  task  planning  and  navigation  systems 
will  time-share  the  general-purpose  computing  resources.  Current  state-of- 
the-art  radiation-hardened,  flight-qualified  hardware  cannot  satisfy  the 
requirement  for  1-10  Mips  performance.  The  group  agreed  that  current  NASA 
programs  in  this  area  should  be  strengthened. 
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There  may  also  be  a requirement  for  the  development  of  specific 
flight-qualified  components,  such  as  custom  VLSI,  for  specialized  processing. 
This  is  expected  to  be  particularly  important  for  local  guidance  and  hazard 
avoidance.  Computing  requirements  for  this  function  are  discussed  at  length 
in  the  preceding  section. 

It  was  determined  that  random-access  memory  (RAM)  requirements  for 
the  rover  will  be  in  the  range  of  107-108  bits.  This  estimate  was  based 
upon  expected  task  planning  computing  requirements.  A high  degree  of  fault 
tolerance  will  also  be  necessary.  Although  this  RAM  requirement  exceeds  those 
of  previous  planetary  missions,  it  is  not  expected  to  present  an  insurmountable 
problem. 


For  mass  storage,  roughly  106-107  bits  capacity  will  be  needed. 

High  reliability  will  be  an  essential  characteristic.  This  requirement 
represents  a major  concern,  as  it  may  limit  the  ultimate  capability  of  the 
rover.  Magnetic  bubble  memory  technology  is  a possibility,  as  is  erasable 
magneto-optical  disk  technology.  Advanced  bubble  memory  technology  would 
offer  substantial  advantages  in  terms  of  power  consumption,  mass,  volume, 
nonvolatility,  and  resistance  to  harsh  environments.  For  an  optical  disk  data 
storage  system,  emphasis  should  be  placed  on  developing  a compact,  space- 
qualified  system. 

It  is  expected  that  a key  constraint  on  rover  computing 
capabilities  will  be  the  need  to  limit  the  power  consumption  of  on-board 
computing.  However,  no  specific  conclusions  were  reached  by  the  group 
regarding  requirements  in  this  area.  Similarly,  mass  and  radiation  hardening 
requirements  may  impose  constraints,  but  no  specific  recommendations  were 
determined  in  these  areas. 

A variety  of  issues  were  considered  that  involve  software  concerns, 
including:  rover  activity  planning,  both  on-board  and  on  Earth;  simulation 

for  Earth-based  planning;  on-board  monitoring;  and  on-board  diagnosis.  It  is 
not  clear  what  the  specific  needs  will  be  in  these  areas.  The  group  agreed 
that  the  rover,  with  its  highly  capable  subsystems,  will  present  a more 
complicated  planning  problem  than  has  yet  been  addressed  in  planetary 
exploration. 

In  addition,  development  of  software  validation  and  verification 
technology  will  be  necessary  to  assure  the  MRSR  project  and  its  sponsors  that 
every  reasonable  precaution  will  have  been  taken  in  this  area.  Currently,  it 
is  not  possible  to  validate  and  verify  any  large  software  system  (such  as  that 
used  by  the  Shuttle). 
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SECTION  9 


POWER  WORKING  GROUP 


The  Power  working  group  identified  power  and  thermal  control 
requirements,  constraints,  and  technology  issues  for  a Mars  rover.  High-level 
system  trade-offs  and  comparisons  of  power  source/component  technology  options 
and  thermal  control  options  were  studied  that  support  the  strawman  rover 
capability  scenarios.  Assessments  were  made  of  the  technology  readiness  of 
power  and  thermal  control  system  elements  for  a baseline  technology  cutoff 
date  of  1993,  and  for  an  enhanced  technology  cutoff  date  of  1995.  In 
addition,  recommendations  were  made  for  a non-RTG  option  to  address  concerns 
related  to  safety  issues. 

Rover  power  requirements  for  various  modes  of  operation  are 
estimated  in  Table  9-1.  Minimum,  moderate,  and  maximum  scenarios,  which 
roughly  correspond  to  those  presented  in  the  Overview  section  of  this 
document,  are  offered.  The  rover  must  not  only  satisfy  these  requirements, 
but  it  must  function  in  the  Martian  environment,  with  the  threats  of  surface 
dust,  dust  storms,  and  a temperature  range  of  -113°  to  -13°C.  Shock  and 
vibration  from  vehicle  travel  must  also  be  withstood.  In  addition,  severe 
mass  and  volume  constraints  are  imposed  on  the  power  system,  to  allow  for  a 
maximized  science  payload. 


Table  9-1.  Rover  Power  Requirement  Estimates 


Rover  Power  Estimates 
(Average/Peak  Power,  Watts) 


Mission  Operations 

Minimum 

Moderate 

Maximum 

Traverse  mode^ 
Flat  terrain 
Sloped  terrain 

140/5002 

175/5002 

170/6002 

220/6002 

360/7002 

380/7002 

Data  transmission  mode 

200 

240 

260 

Science  mode^ 

170/4504 

320/7004 

340/8004 

Standby  mode 

120 

170 

190 

^Assumes  1-m  wheel  diameter  (25  cm  width). 
2Motor  stall  power,  1-sec  duration. 

^Assumes  arm  movement  or  science  at  high  power. 
4Core  drilling,  0.5-hr  duration. 


1-9-1 


The  working  group  determined  that  there  is  no  difference  among  the 
power/thermal  control  component  technologies  that  are  required  to  satisfy  these 
preliminary  power  requirements  for  any  of  the  three  mission  scenarios.  The 
requirements  all  fit  within  the  bounds  of  RTG  output  capability.  Only  a 
scaling  of  component  size  is  needed  to  support  each  scenario.  Table  9-2  lists 
a baseline  selection  of  components  which  could  support  a technology  cutoff  date 
of  1993.  Enhanced  mission  component  options  (technology  cutoff  date  of  1995), 
which  would  provide  the  possibility  for  reduced  mass  or  increased  power 
capabilities  for  the  mission,  are  also  shown. 

For  the  power  levels  that  the  rover  will  require,  the  General 
Purpose  Heat  Source  (GPHS)  RTG  is  the  most  suitable  primary  power  source.  The 
current  state— of —the— art  GPHS  RTG  offers  a specific  power  of  approximately 
5 W/kg.  A new  modular  RTG  that  uses  GaP-doped  SiGe  thermoelectric  material  in 
a multicouple  concept  is  under  development.  The  modular  RTG  is  expected  to 
provide  a specific  power  on  the  order  of  9 W/kg.  Continued  development  of 
this  technology  at  an  adequate  funding  level  is  necessary  to  meet  a 1993 
readiness  date.  For  an  enhanced  power  system,  thermal-to-electric  energy 
conversion  could  be  provided  by  improved  thermoelectric  multicouples  offering 
12  W/kg  specific  power,  or  by  the  Alkali  Metal  Thermoelectric  Converter  (AMTEC) 
concept.  AMTEC  is  a thermally  regenerative  electrochemical  device  which  could 
permit  power  levels  of  1 kW  per  unit  by  achieving  a specific  power  of  as  much 
as  20  W/kg.  However,  in  order  to  bring  AMTEC  to  readiness  level  for  space 
application  in  1995,  accelerated  funding  for  development  will  be  required. 


Table  9-2. 

Baseline  and  Enhanced 

Power  System  Technologies 

Function 

Baseline  Technology 
Selected 

Enhanced  Technology 
Selected 

Heat  source 

GPHS 

GPHS 

Power  conversion 

GaP-doped  SiGe  multi- 
couples  (modular 
RTG) 

AMTEC 

Improved  thermoelectric  multi- 
couples (modular  RTG) 

Energy  storage 

NaS  or  Li-TiS2 
batteries 

Li  high-energy  cathode  batteries 
Bi-polar  battery  systems 
Regenerative  fuel  cells 

Power  control  and 
distribution 

Unregulated  28  V 
Cascaded  power  control 
at  200  kHz 
Dedicated  processor 

Power  integrated  circuits 
High-frequency  power  electronics 
Dedicated  processor 
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During  the  Earth-to-Mars  cruise  and  aerobraking  operations,  heat 
from  the  RTGs  must  be  rejected.  In  contrast,  during  surface  operations,  heat 
must  be  conserved  and  distributed  throughout  the  rover  to  maintain  thermal 
control.  Therefore,  the  radioisotope  heater  units  (RHUs)  must  produce 
sufficient  heat  to  achieve  this  capability.  The  development  of  the  GPHS  into 
a new  and  higher  thermal-power  RHU  would  provide  a satisfactory  heat  source; 
however,  radiative  flux  would  be  a problem.  It  may  be  possible  to  distribute 
segments  of  a modular  RTG  system  around  the  vehicle  so  that  the  waste  heat  can 
be  used  for  thermal  control.  Although  the  engineering/integration  problem 
will  be  more  difficult  for  multiple  sealed  RTGs,  there  may  be  a beneficial 
mass  trade-off  for  thermal  control. 

For  energy  storage,  sodium-sulfur  (NaS)  or  Li-TiS2  secondary 
batteries  are  candidates  for  a baseline  power  system.  These  technologies 
could  provide  energy  storage  densities  of  as  much  as  75-100  W-h/kg.  Advanced 
development  of  1 kW  (600  W-h)  NaS  cells,  and  of  a long-life  electrolyte  for 
Li_XiS2  batteries,  is  recommended.  For  an  enhanced  system,  the  options 
include  Li-FeS2»  Li-S,  and  bi-polar  batteries,  as  well  as  regenerative  fuel 
cells.  The  lithium  high-energy  cathode  battery  types  may  achieve  energy 
storage  densities  of  double  the  value  projected  for  the  baseline  system. 
Bi-polar  batteries  could  provide  the  surge  power  capability  required  for  motor 
stall  current  demands  in  a very  small  package.  Regenerative  fuel  cells  could 
offer  a specific  power  of  greater  than  200  W-h/kg.  Accelerated  development  of 
the  enhanced  battery  options  will  be  necessary.  In  addition,  establishment  of 
an  advanced  regenerative  fuel  cell  program  is  recommended. 


Power  conditioning  and  control  for  a baseline  system  will  involve 
unregulated  28  V distribution  at  200  kHz,  and  a dedicated  processor,  as  shown 
in  Table  9-2.  Attention  must  be  paid  to  electronic  integration  issues  and 
instrumentation  needs.  An  enhanced  system  will  include  the  features  of  power 
integrated  circuits,  high-frequency  power  electronics,  and  a dedicated 
processor.  In  particular,  power  integrated  circuit  technology  should  be 
developed  to  reduce  the  mass  and  volume  of  power  electronics  by  40—50%,  as 
compared  to  the  baseline  system. 

If  radioisotope  heat  sources  are  not  available  for  an  MRSR  mission 
for  political  or  fiscal  reasons,  then  a central  power  station  concept, 
involving  an  alternative  source  of  power  along  with  a "rechargeable"  rover, 
could  be  utilized.  The  central  station  could  be  a nuclear  fission  reactor 
coupled  to  any  one  of  a number  of  different  conversion  systems  (thermoelectric, 
thermionic,  dynamic  Brayton  or  organic  Rankine),  or  it  could  even  be  a 
photovoltaic  array  or  a solar  dynamic  system.  The  central  station  would 
electrolyze  water  to  obtain  hydrogen  and  oxygen  for  use  by  the  rover,  which 
would  carry  a fuel  cell  system.  The  central  station  would  also  include  an 
electrolyzer  "filling  station"  with  hydrogen/oxygen  storage. 

When  the  rover  for  this  type  of  system  required  a "recharge",  it 
would  return  to  the  central  station  and  physically  pick  up  tanks  of  hydrogen 
and  oxygen.  At  this  point,  the  rover  would  also  unload  the  water  that  was 
generated  in  the  reverse  (power)  process.  Recent  studies  have  showed  that 
regenerative  fuel  cells  are  competitive  in  mass  with  advanced  batteries  for 
energy  storage,  but  do  not  have  the  lifetime  limitations  with  respect  to  depth 
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of  discharge  and  cycling  that  batteries  possess.  The  main  feature  of  this 
concept  is  that  it  clearly  limits  rover  travel  to  within  a radius  dependent 
upon  rover  fuel  tank  or  battery  mass  or  size.  It  also  will  likely  be  heavier 
in  mass  than  an  RTG-based  rover  power  system.  Moreover,  an  additional  separate 
launch  and  lander  package  may  be  required  for  a nuclear  reactor.  However,  it 
does  provide  an  ancillary  benefit  in  that  the  central  power  station  can  be  left 
on  the  surface  of  Mars  to  be  utilized  by  a possible  manned  mission  a few  years 
thereafter. 


In  this  concept,  the  central  station  would  not  need  to  operate 
continuously.  Therefore,  in  spite  of  the  threat  of  dust  storms,  the 
photovoltaic  and  solar  dynamic  options  appear  feasible.  However,  if  a solar 
system  is  used,  then  thermal  control  of  the  central  station  during  dust  storms 
may  present  a problem,  as  the  station  would  go  into  a dormant  state  until  the 
dust  storms  subside,  and  would  then  require  "thawing  out".  This  would  not  be 
an  issue  for  a central  station  based  upon  a nuclear  fission  reactor,  since 
heat  would  be  available  all  of  the  time.  In  either  case,  the  dormancy  and 
thaw-out  problem  would  apply  to  the  rover  because  it  has  limited  storage. 

A photovoltaic/battery-powered  rover  is  another  alternative  to  RTG 
power.  This  option  would  allow  more  extended  travel,  but  may  limit  operations 
to  non-dust  storm  areas  such  as  the  top  of  the  northern  hemisphere.  An 
extended  dust  storm  (greater  than  1 to  2 days)  could  end  the  mission  when 
stored  electrical  energy  is  depleted  and  science/subsystems  are  exposed  to  Mars 
surface  temperature  extremes.  For  a minimum  capability  rover,  a 10-15  m2 
area  array  weighing  approximately  30  kg  would  be  required  to  support  electrical 
loads  alone.  The  array  must  be  rugged,  and  have  protection  against  the  dust 
environment  (encapsulation)  and/or  surface  cleaning.  Sun  tracking  will  allow 
for  a smaller  (10  m2)  array.  In  addition,  the  array  must  have  a single  or 
multiple  deployment/retraction  capability. 

These  alternatives  to  RTG  power  may  impose  severe  impacts  on  vehicle 
operations  and  science/engineering  subsystems.  In  particular,  rover  thermal 
heat  would  have  to  be  supplied  by  electrical  power.  It  has  been  estimated 
that  this  power  demand  may  exceed  the  power  needed  to  support  engineering  and 
science  electrical  loads.  For  a photovoltaic/battery-powered  rover,  the 
required  array  area  may  double  when  heater  electrical  power  needs  are 
considered. 
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SECTION  10 


SYSTEM/MISSION  WORKING  GROUP 


The  objective  of  the  System/Mission  Working  Group  was  to  provide 
cross— coordination  and  interchanges  between  discipline  groups  during  the 
course  of  the  Workshop.  The  System/Mission  Working  Group  also  provided  a 
central  forum  for  discussion  of  across-discipline  issues  and/or  requirements 
for  Mars  Rover  technologies.  Participants  in  the  working  group  are  listed  in 
Table  10-1. 


This  section  provides  a top-level  perspective  of  the  mission  and 
science  capabilities  required;  it  also  provides  a discussion  of  planetary 
quarantine  issues  which  affect  the  Rover  and  the  MRSR  mission  as  a whole. 

A number  of  "technology  planning  worksheets"  were  generated  as  part 
of  the  System/Mission  Working  Group's  efforts.  In  addition,  a variety  of 
discipline-oriented  planning  worksheets  was  generated  and  submitted  to  the 
System/Mission  Working  Group  for  inclusion  in  the  proceedings;  these 
discipline-oriented  data  were  either  inappropriate  for  any  of  the  defined 
working  groups,  or  were  provided  shortly  after  the  close  of  the  workshop.  All 
of  these  inputs  are  provided  in  Appendix  A of  this  volume. 


10.1  MISSION  6c  SCIENCE  OVERVIEW 

There  is  a widespread  feeling  that  the  time  is  right  for  a major 
program  of  Mars  exploration,  including  a mission  to  return  a geologically 
varied  suite  of  samples  collected  by  a rover.  The  Soviets  have  announced  an 
ambitious,  exciting  Mars  program  which  includes  landing  a "hopper"  type  of 
spacecraft  on,  and  a powered  flyby  of  Phobos;  and  rovers,  penetrators,  and 
balloons  on  Mars,  plus  a sample  return  from  Mars.  The  western  Europeans  are 
eager  to  participate  both  with  the  Soviets  and  with  any  such  program  on  our 
part.  In  the  U.S.,  in  addition  to  the  science  community  wanting  MRSR  on  its 
own  merits,  many  see  it  as  an  ideal  technology-driving  mission  which  could 
reestablish  NASA/U.S.  leadership  in  space,  while  others  see  it  as  ah  ideal 
mission  for  international  cooperation. 

In  response  to  these  feelings,  Geoff  Briggs,  Director  of  the  NASA 
Office  of  Space  Science  and  Application's  Solar  System  Exploration  Division, 
has  set  up  an  18-month  program  to  prepare  the  infrastructure  and  a database  of 
mission  technology  requirements,  options,  and  trades.  Then,  if  the  U.S.A. 
decides  to  go  with  a 1993  new  start  and  a 1998  launch,  the  basic  foundation 
will  be  ready. 

Institutionally,  the  Jet  Propulsion  Laboratory  and  the  Johnson 
Space  Center  have  the  largest  roles  (with  both  in-house  studies  and  contracts 
to  manage),  and  major  support  comes  from  Space  Applications  International 
Corporation  (SAIC)  and  NASA  HQ.  Organizationally,  three  groups  have  been  set 
up  to  coordinate  the  program.  The  steering  group,  chaired  by  Geoff  Briggs, 
provides  overall  direction  and  concentrates  on  programmatic  issues,  meeting  on 
an  ad  hoc  basis.  The  science  working  group,  chaired  by  Mike  Carr,  determines 
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Table  10-1.  System/Mission  Working  Group  Participants 


Individual /Paper 

Working  Group  Role 
/Paper  Topic 

Phone,  Address 

John  C.  Mankins 

Chairman 

(818)  354-4116 
JPL/301-165 

Dr.  Arden  Albee 

participant 

(818)  356-6367 
California  Institute  of 
Technology 
Pasadena , CA 

Sheryl  Bergstrom 

participant 

(818)  354-2496 
JPL/125-112 

Donald  Davis 

participant 

Not  Available 

Lockheed  Missiles  and  Space 

Company 

Palo  Alto,  CA 

Austin  Fehr 

participant 

Not  Available 
Martin  Marietta  Denver 
Aerospace 
Denver,  CO  80201 

Charles  Gartrell 

participant 

(703)  893-5900 
General  Research  Corp. 
7655  Old  Springhouse  Rd. 
McLean,  VA  22102 

Gordon  Johnston 

participant 

(FTS)  453-2755 
NASA,  OAST/RS 
Washington,  DC  20546 

Dr.  Neville  Marzwell 

participant 

(818)  354-6543 
JPL/198-330 

Gerald  Olivieri 

participant 

(818)  354-1186 
JPL/301-285 

Gerald  C.  Snyder 

participant 

(202)  479-2609 
NASA  Code  EL 

P.  Richard  Turner 

participant 

(818)  354-5643 
JPL/233-306 

Marty  Valgora 

participant 

Not  Available 

NASA/Lewis  Research  Center 
Cleveland,  OH 
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both  the  science  requirements  on  the  mission  and  the  environments  in  which  the 
mission  will  have  to  operate.  It  meets  every  other  month.  The  mission 
analysis  and  systems  engineering  working  group  includes  members  of  both  the 
other  groups  plus  people  from  the  in— house  and  contractor  studies.  It  meets 
monthly  to  build  mission  data  bases,  consider  trades,  etc. 

The  mission  set  to  be  considered  includes  a simple  launch  with  a 
heavy— lift  launch  vehicle  and  two  dual— launch  options!  one  with  the  rover  and 
return  vehicles  launched  separately,  allowing  an  international  mission  without 
technology  transfer,  and  the  other  with  the  payload  balanced  in  terms  of  mass. 

A guideline  of  the  effort  is  to  work  toward  a U.S.  mission,  but  do 
nothing  to  preclude  international  cooperation.  The  study  will  look  at  five 
point  designs  for  the  mission,  but  even  more  important  will  be  the  partial 
deviations  of  science  and  cost  with  respect  to  mission  parameters  such  as 
traverse  distance  and  rover  mass.  The  partials  will  then  be  used  to  make 
trades  between  and  among  the  point  designs. 

Among  the  major  tradeoffs  to  be  made  are! 

• Lander  - dumb/robust  vs  smart/fragile 

• Aerobrake  vs  propulsive  orbit  insertion  (Mars  and  Earth) 

• Mobility  - autonomous  vs  CARD 

• Rover  size  - small,  moderate,  large,  or  2 moderate 

• Sample  handling  — how  pristine? 

• Where  is  intelligence?  - rover,  lander,  orbiter.  Earth 

All  of  these  factors  will  be  focused  on  one  primary  goal:  to 

return  an  intelligently  selected  suite  of  Martian  materials  for  detailed  study 
in  terrestrial  laboratories.  The  return  of  Martian  surface  and  subsurface 
samples  to  Earth  laboratories  (unsterilized)  will  allow  a full  range  of  the 
most  sophisticated  analytical  techniques  to  be  applied  for  the  study  of 
chronology,  elemental  and  isotopic  chemistry,  mineralogy  and  petrology,  and 
for  the  search  for  current  and  fossil  life. 

To  achieve  that  goal,  many  necessary  science  skills  must  be 
incorporated  into  the  Rover  itself.  Potential  science  capabilities  that  have 
been  previously  identified  are  listed  in  Table  10—2. 


10.2  PLANETARY  PROTECTION  REQUIREMENTS  FOR  A MARS  ROVER  SAMPLE  RETURN 

MISSION 

The  current  NASA  Planetary  Protection  (PP)  policy  requirements  are 
no  longer  realistic  in  light  of  the  enormous  advances  in  our  knowledge  of  the 
planets  in  the  past  15  years.  Reassessments  by  the  Space  Science  Board 
Committee  on  Planetary  Biology  and  Chemical  Evolution,  and  the  obvious  need  to 
relieve  unnecessary  burdens  on  flight  projects  led  NASA/JPL  to  draft  a new 
policy  in  1981.  To  date  this  proposed  policy  has  not  been  approved  by  NASA. 
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Table  10-2.  Rover  - Necessary  Science  Skills 


Quan t i tat ive  imaging 

• 

long  range  to  close  up 

• 

multi-spectral 

• 

stereoscopic 

Sample  procurement 

• 

selective  rock  or  soil 

• 

preprogrammed  rock  or  soil 

• 

unweathered  rock  - 10  cm  (?) 

• 

deep  soil  - 1 m (?) 

• 

scoop/ rake/sieve/drill /hammer/ lever /wedge/ 
cracker/ chipper 

Sample  processing 

• 

fractionate  sample  by  physical 
p rope r ties -crusher /magnetic  separator/ 
s ieves /heat /leach/ dus t/spli t ter /holder 

• 

flexible  sequencing  of  preparation  and 
distribution 

Elemental  analysis 

• 

accurate  and  precise 

• 

major  and  critical  minor  elements 

Mineral  phase  analysis 

• 

positive  identif i cat ion 

• 

abundance  in  mixtures 

"Molecular"  analysis 

• 

volatiles /organics /an ion  complexes 

• 

atmosphere  analysis 

• 

soil  and  rock  analysis 

• 

stepwise  heating 

• 

gas  reactions 

Microscopy 

• 

multi-spectral 

• 

fabric  and  texture 

• 

composition,  size,  shape  of  particulates 

• 

surface  features  and  coatings  on  grains 

• 

grain  surface  reactivity 

• 

biological  activity 

Sample  return  study 

• 

test  reactivity  of  soil  with  packaging 
materials 

• 

test  for  gas  release  and  pressure  buildup 

Traverse  geophysics 

• 

seismic  profile  - regolith  thickness 

• 

electrical  conductivity  - permafrost 
thickness 

• 

magnetic  profile  - near-surface  structure 

• 

gravity  profile 

• 

topographic  mapping 

• 

biological  activity 
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Table  10-2.  Rover  - Necessary  Science  Skills  (Contd) 


Transport  deployable  packages  • 


seismometer 

magnetometer 

meteorology-pressure/ temperature/wind 
velocity  and  direction 
heat  flow/near-surface  temperature 
profile 

u.v. -visible  photometer 


It  is  assumed  that  the  planetary  protection  program  applied  to  the 
Mars  Rover/Sample  Return  (MRSR)  Mission  will  be  implemented  under  a new  policy 
with  yet-to-be-defined  constraints  and  implementation  procedures,  especia  y 
as  pertains  to  the  protection  of  the  Earth  against  back  contamination.  To 
detail  the  potential  requirements  and  assess  their  implications  for  and  impact 
on  a MRSR  mission,  the  mission  is  divided  into  three  phases;  a)  outbound,  b) 
sample  acquisition  and  delivery,  and  c)  science  and  quarantine  investigations. 

a.  Outbound.  Requirements  for  this  phase  provide  for  protecting 
Mars  from  terrestrial  contamination.  These  requirements  are 
similar  to  those  imposed  on  and  implemented  by  the  Viking 
Project  with  one  notable  exception.  The  requirement  for 
sterilization  of  the  complete  lander/probe  would  be  replaced 
by  a requirement  for  sterilization  of  selected  subsystems. 

b.  Sample  Acquisition  and  Delivery.  Included  in  this  phase  are 
all  near-Mars  activities,  the  Mars-to-Earth  transit.  Earth 
entry,  recovery,  and  transport  to  the  Mars  Receiving 
Laboratory  (MRL)  on  Earth  or  in  Earth  orbit.  Although 
requirements  have  not  been  developed  it  is  anticipated  that 
the  major  thrust  of  the  requirements  will  address  the  sealing 
of  the  sample;  verification,  maintenance  and  monitoring  of 
the  seal;  and  the  means  to  prevent  any  accidental  release  of 
extraterrestrial  material  at  Earth.  Specific  requirements 
will  also  address  issues  concerned  with  sample  acquisition, 
transfer  and  storage,  and  active  safety  features  to  be  used 
in  non-nominal  conditions.  Furthermore,  there  will  be 
guidelines  for  pre-project  studies  and  research  to  validate 
approaches  toward  meeting  requirements;  multiple 
certifications  will  be  required  at  key  mission  milestones  to 
assure  that  requirements  have  been  met. 

c.  Science  and  Quarantine  Investigations.  This  phase  of  an  MRSR 
mission  begins  with  the  receipt  of  the  sealed  Mars  sample  in 
the  MRL.  Requirements  for  this  phase  will  be  aimed  at 
assuring  Earth  safety  when  the  sample  is  released  from  its 
container  and  throughout  the  study  of  the  sample.  There  will 
be  explicit  requirements  for  the  construction,  management, 
and  containment  capabilities  of  the  MRL,  extensive  PP  protocol 
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for  studying  the  sample;  guidelines  for  handling  the  sample 
during  scientific  investigations;  and  strict  conditions  and 
requirements  concerning  the  ultimate  release  of  the  sample 
for  scientific  investigation  outside  the  MRL. 

In  summary,  the  outbound  phase  of  an  MRSR  mission  will  be  favorably 
impacted  by  the  new  PP  policy.  Requirements  will  be  somewhat  relaxed  from 
those  imposed  on  Viking  under  the  old  policy  and  implementation.  The  other 
two  phases  of  the  mission  will  be  seriously  impacted  by  the  new  policy,  not  in 
relative  terms,  since  there  never  was  a formal  policy  addressing  those  phases, 
but  in  terms  of  the  anticipated  range  of  requirements  deemed  essential  for 
affording  Earth  the  same  protection,  at  the  very  least,  as  is  provided  for 
planets  of  interest.  The  extent  of  this  impact  on  an  MRSR  project  will  depend 
on  the  severity  of  specific  requirements  to  be  developed  in  the  near  future. 

Initially,  a revised  Planetary  Protection  policy  which  incorporates 
the  Earth-return  phase  of  the  mission  must  be  accepted  and  implementing 
documents  drafted.  The  real  constraints  on  the  mission  will  not  be  known 
until  this  first  step  is  completed.  There  are  also  some  critical  management 
issues  which  should  be  resolved  early  in  the  mission  planning  phase  of  the 
Mars  Rover  Sample  Return  Mission.  Experience  from  the  Apollo  Project  has 
shown  that: 

1)  Management  systems  committed  to  absolute  containment  with 
minimum  mission  impact  are  needed. 

2)  The  location  of  responsibility  for  prevention  of  back 
contamination  must  be  determined. 


10.3  OTHER  INFORMATION 

In  addition  to  the  data  above,  a variety  of  other  information 
relating  to  Mars  Rover  technology  and  requirements  was  presented  at  the 
workshop.  In  particular,  a presentation  to  several  Working  Groups  was  made  by 
S.  Squyres  of  Cornell  University.  This  presentation  is  provided  in  Appendix  B 
of  this  volume. 

As  has  been  noted  elsewhere,  a set  of  levels  of  rover  capability 
was  devised  by  the  working  chairmen  (meeting  before  the  workshop);  these 
levels  establish  a common  context  for  technology  planning  in  the  separate 
groups.  A copy  of  the  capability  scenarios  as  distributed  at  the  workshop  is 
provided  in  Appendix  C. 
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Galileo  Analog  - Architecture 


* Imaging  (&  other  remote  sensing  data)  used  both  for  local  guidance  and  control  (by  the  AACS) 
and  for  relay  to  earth  (by  the  cmd  & data  syst.) 


Galileo  got  into  trouble  with  this  architecture  by  dividing  fault  protection  responsibility 
between  command  & data  system  and  the  attitude  and  articulation  control  system.^ 
This  allowed  the  situation  in  which  the  two  systems  got  into  a fault  protection  "race", 
making  analysis  impossible. 

The  objectives  of  this  architecture  included  management/programmatic  factors  and 
the  desire  to  incorporate  distributed  processing  capabilities. 


Lesson  learned:  Fault-tolerance  should  go  in  the 
command  and  data  system  only. 
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A number  of  scenarios  for  a Mars  Rover  Sample  Return  mission  have 
been  discussed  which  assume  the  existence  of  a high  resolution  (1-3  meter) 
terrain  elevation  data  base.  The  qualitative  and  operational  requirements 
for  such  a data  base  are  not  well  enough  understood  to  determine  if 
technology  exists  which  is  capable  of  creating  and  managing  that  data  base 
for  Mars  exploration.  Other  spatial  geophysical  data  may  be  required  to 
complement  the  elevation  data,  which  are  just  as  difficult  to  acquire  and 
manage.  It  is  critical  to  understand  the  computational,  management, 
quality  and  display  requirements  for  Mars  spatial  data  to  aid  in  both 
mission  and  technology  planning. 

Terrain  and  associated  geophysical  data  are  useful  (if  not  critical) 
in  more  than  a single  application.  In  terms  of  this  workshop,  detailed 
knowledge  of  terrain  is  required  for  global  navigation,  task  planning, 
local  navigation,  sample  acquisition  and  mobility.  Therefore,  it  is 
important  to  take  a broad  view  of  the  terrain  data  base  requirements  for 
all  applications  of  a Mars  Rover  Sample  Return  mission,  at  least  until  the 
problem  is  clearly  delineated  into  unique  requirements  for  specific 
applications.  Terrain  data  base  knowledge  is  potentially  applicable  in  the 
following  areas: 

LANDING  - The  descent  vehicle  will  presumably  be  capable  of 
landing  somewhere  within  an  error  ellipse  of  approximately  7x3  Km. 
which  has  been  pre-determined  to  be  in  a region  of  maximum 
scientific  interest.  Final  descent  will  likely  be  guided  to  a 
precise  safe  landing  point  via  real  time  image  correlation.  The 
lander  will  acquire  imagery  and  in  real  time  correlate  it  with 
stored  terrain  feature  data  so  as  to  pin-point  final  landing. 

ROVER  ROUTE  PLANNING  - Planning  overall  rover  routes  (as  opposed, 
to  local  hazard  avoidance)  will  require  detailed  terrain  data 
displayed  and  correlated  with  other  geophysical  data  such  that 
safety  and  scientific  objectives  are  maximized. 

ROVER  AND  LANDER  DESIGN  - Detailed  models  of  the  morphological  and 
surface  composition  characteristics  for  candidate  roving  regions 
and  landing  sites  are  needed  in  order  to  develop  design 
requirements  for  the  rover  mobility  systems  and  the  lander. 

SCIENCE  PLANNING  - Sampling  and  sensing  strategies  will  require 
developing  (as  the  mission  proceeds)  increasingly  detailed  models 
of  the  crustal  geophysical  characteristics  to  be  used  for 
correlative  analysis  and  visualization.  These  data  will  need  to  be 
readily  accessible  in  a computational  environment  sufficient  to 
support  daily  planning  cycles. 

SCIENCE  OPERATIONS  - In  order  to  maximize  scientific  return,  the 
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rover  and  its  payload  compliment  may  employ  a certain  amount  of 
autonomy.  This  may  be  as  simple  as  creating  alarms  in  response  to 
pre-established  observational  criteria;  or  more  complex  by 
managing  overall  resources  based  upon  , 

disciplinary  and  spatial  knowledge  bases,  and  real-time 
observations. 

SCIENCE  ANALYSIS  - The  data  bases  which  are  created  for  the  above 
applications  will  also  be  useful  in  conducting  the  scientific 
analysis  associated  with  the  mission.  A highly  flexible, 
interactive  spatial  information  system,  capable  of  supporting  3 
dimensional  correlative  analysis  and  data  management,  will  be 
required  to  build  up  a planetary  geophysical  model  based  on  the 
observational  data. 


There  are  many  questions  which  need  to  be  addressed  in  order  to  assess  the 
technological  readiness  for  terrain  data  support  of  a Mars  Rover  mission. 
Some  of  the  questions  are: 

1.0  What  are  the  characteristic  requirements  of  the  digital  elevation 
models? 

1.1  What  horizontal  and  vertical  resolution  is  required? 

1.2  What  horizontal  and  vertical  accuracy  is  required? 

1.3  What  absolute  or  relative  positional  accuracy  is  required? 

1.4  What  is  the  required  data  quality? 

1.5  What  is  the  areal  extent  of  pre-defined  terrain  models? 

2.0  What  are  the  operational  requirements? 

2.1  What  kind  of  safety  margins  are  required  and  how  does  that  impact  the 
terrain  data  requirements 

2.2  How  much  terrain  elevation  or  other  data  must  be  managed  on  board  a 
r over  or  synchronous  orbiting  platform? 

2.3  What  is  the  ground-to-space  terrain  data  update  cycle? 

2.4  Are  there  any  novel  or  unique  visualization  and  display  requirements 
for  operations  personnel  or  science  users? 

2.5  What  role  does  terrain  learning  play  in  supporting  operations? 

2.6  What  terrain  knowledge  is  required  to  support  autonomous  scientific 
operations? 
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3.0  What  geophysical  and  geomorphological  data  are  required  other  than 
terrain  elevation,  such  as  surface  material  composition,  slope 
charateri sties,  surface  roughness,  sub-surface  structure,  and  geomagnetic 
and  gravitational  data?  What  are  the  size,  accuracy,  quality,  and 
operational  support  requirements  for  the  data? 
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Ron  Salazar,  Thermal  Control  input  to  JPL  Aerocapture 
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Introduction 


For  the  projected  Mars  Rover  mission,  there  will  be  a wide  variety  of  thermal 
environments  with  which  to  contend.  A summary  of  the  major  thermal 
environments  is  shown  in  Table  1 and  includes  those  for  launch,  earth  orbit 
planetary  cruise,  atmospheric  entry,  Martian  orbit,  and  Martian  surface.  Past 
Jr  interplanetary  spacecraft  have  dealt  quite  successfully  with  all  but  two 
of  these  problems.  Specifically,  they  are  the  problems  associated  with 
aerocapture  (include  heat  transfer  through  the  aeroshell)  and  mobility  on  the 
Martian  surface.  3 


A summary  is  shown  In  Figure  1 (Ref.l)  of  the  various  ways  In  which 
temperature  control  has  been  maintained  on  various  spacecraft  from  the  1960's 
to  the  present  and  beyond.  Due  to  the  complicated  nature  of  maintainlna 
temperature  control  both  within  the  aeroshell  and  while  mobile  on  the  Martian 
surface,  both  areas  are  addressed  separately  In  the  following  sections. 

Temperature  Control  Through  The  Aeroshell 

The  aeroshell  Is  a large  shell  which  must  protect  the  spacecraft  during  the 
atmospheric  heating  of  aerobraklng  and/or  aeromaneuvering  in  the  Martian 
atmosphere.  It  is  important  to  transfer  the  heat  of  both  the  electronics 
science  packages  and  the  RTG  during  the  long  interplanetary  cruise,  and  yet 
find  a way  to  stop  the  heat  due  to  atmospheric  entry  from  overheating  these 
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internal  spacecraft  components.  Although  controllable  fluid-pumped  cooling 
loops  would  suffice  for  this  problem,  this  type  of  cooling  system  requires 
very  long  life  fluid  pumps  and  thus  has  serious  reliability  implications. 

An  alternative  means  of  temperature  control  is  to  provide  cooling  by  means  of 
diode  heat  pipes.  A diode  heat  pipe  consists  of  a hollow,  enclosed  tube  that 
is  partially  filled  with  a liquid  that  can  flow  only  in  one  direction.  As  the 
vapor  is  boiled  at  one  end,  providing  cooling,  it  travels  to  the  other  and  of 
the  tube  (radiator  end)  where  it  condenses  and  returns  by  capillary  action  to 
the  original  end.  Although  the  diode  heat  pipe  is  relatively  new  in 
inception,  this  type  of  device  has  been  used  quite  successfully  on  a number  of 
space  flights  (Ref.  2).  Separate  heat  pipes  for  both  the  electronics  and  RT6 
(Figure  2)  should  be  able  to  safely  maintain  temperatures  during  cruise,  and 
shut-off  during  aerocapture.  An  additional  phase  change  material,  e.g., 
vented  water  vapor,  may  then  be  used  to  absorb  the  anticipated  5kw+/*  RTG  heat 
during  aerocapture. 

Segmented  Rover  Electronics  Compartments 


On  the  previous  Viking  landers,  both  the  RTG  and  the  science  experiments  were 
in  the  same  single  spacecraft  unit.  The  heat  necessary  to  heat  the  science 
instruments  was  thus  readily  available  as  required  by  means  of  a movable 
conduction  joint  to  the  RTG.  For  the  present  Wars  Rover  design,  however,  the 
science  instruments  are  separate  from  the  RTG,  and  alternative  heating  methods 
must  be  used.  If  electrical  waste  heat  or  dedicated  heaters  are  used,  the  two 
science  modular  compartments  would  require  150  watts  each  of  power  and  still 
be  covered  with  20  cm  of  insulation  (30kg  total)  to  survive  the  150K  (-123°C)  , 

Martian  nights. 

fwnt-VlM  »f  if!  Ci'^'  1 ll 

Although  a fluid  pupped  loop  to  the  RTG  would  suffice  to  provide  heat  to  the 
other  segments,  tlyFs  would  again  require  long  life  pumps  and  lead  to  serious 
reliability  problems.  Similarly,  flexible  heat  pipes  would  be  a serious 
reliability  problem,  especially  when  the  rover  is  moving  over  difficult 
terrain.  In  addition  to  possible  mechanical  failure,  vibrations  can  dislodge 
the  fluid  fromthe  heat  pipe  capillaries,  thus  potentially  "turning  off"  the 
heat  pipe.ArAn  alternative  manner  of  heating  is  to  adapt  a number  of  small 
power  packages  (about  62. 5w  heat  each)  from  an  RTG  heating  unit,  and  place 
these  shielded  heat  sources  appropriately  In  the  compartments.  Although 
flight-qualified  radioactive  heating  units  (RHU's)  are  presently  available 
only  in  one  watt  sizes,  these  larger  62.5  watt  RHU's  should  be  relatively  easy 
to  get  flight-qualified  (Ref. 4),  since  they  would  be  identical  to  those 


already  in  the  Galileo  RTG.  A |t I 
Cool  1rig  of  the  moduT**«fcul<f  then  be  accomplished  by  interjjj 


"VrfV  , i 


/|<«  w 

Tourers  (4e 


Cooling  or  cne  moauicji^couia  men  oe  atuumpi  i»neu  uj 

uuiiJ  Mnriiin  rinrt)  — variable  conduction  heat  pipes  (VCHP).  The  VCHP 
method  is  now  relatively  commonly  used  for  spacecraft  (Ref. 3, 5)  and  can 
automatically  maintain  a spacecraft  temperature  to  about  +/-  5UC.  A 
description  of  a typical  VCHP  Is  shown  In  Figure  3. 
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Summary  and  Conclusions 


The  two  areas  of  temperature  control  that  are  unique  to  the  Martian  Rover 
Mission,  and  thus  of  considerable  concern  are  the  spacecraft  (RTG  plus 
electronics)  temperature  control  through  the  aeroshell  and  the  temperature 
control  of  the  segmented,  modular  rover.  Cooling  through  the  aeroshell  can  be 
maintained  by  diode  heat  pipes,  which  will  also  act  to  prevent  Internal 
heating  up  during  aerobraklng.  A phase  change  material,  e.g.,  pressurized 
water  vapor  may  help  to  cool  the  RTG  during  actual  aeromaneuvers . 


Heating  of  the  modular  electronics  compartments  can  be  accomplished  by 
adapting  Galileo-type  RTG  radioactive  heating  sources  (62. 5w  each)  to  form  a 
large  size  radioactive  heating  unit  (RHU)tfs' Cooling  of  the  compartments  can  be 
accomplished  by  means  of  variable  conductance  heat  pipes  connected  to  external 
radiators.  Although  all  these  temperatur^  control  systems  are  generally 
feasible,  specific  attention  must  be  given  toXproducing  and  flight-qualifying 
the  62.5w  RHU's-as  well  as  to  designing  the  prdposed  RTG/aeroshel 1 temperature 
control  systems:\  T 

©r  RTC's 
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TABLE  1.  MARS  ROVER  MISSION  THERMAL  CONTROL 
THERMAL  ENVIRONMENTS 


LAUNCH 

o RTG  HEAT  REJECTION  TO  STS 

o EJECTION  FROM  SHUTTLE  BAY 

EARTH  ORBIT 

o RTG  AND  SPACECRAFT  HEAT  REJECTION  TO  SPACE 

o SOLAR  AND  EARTH  HEATING 

PLANETARY  CRUISE 

o RTG  AND  SPACECRAFT  HEAT  REJECTION  TO  SPACE 

o VARYING  SOLAR  HEATING 

ATMOSPHERIC  ENTRY 

o AEROSHELL  HEATING 

o SPACECRAFT  AND  SCIENCE  INSTRUMENT  THERMAL  CONTROL 

o RTG  HEAT  REMOVAL/STORAGE 
PLANETARY  ORBIT 

o AEROSHELL  EJECTION 
o SOLAR  AND  PLANETARY  HEATING 
o MULTIPLE  MISSIONS 
PLANETARY  SURFACE 

o EXTREMES  OF  HARM  (-23°C)  AND  COLD  (-123°C) 
o ROVER  MOBILITY/ORIENTATION/VIBRATION 
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FIGURE  1 Aerocapture  Spacecraft  Thermal  Control 

Thermal  Control  System  Technology 


l-AA-48 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


AEROSHELL 


FIGURE  2.  AEROCAPTURE  SPACECRAFT  THERMAL  CONTROL 
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When  tha  propan*  temperature  rises  fro*  250°C  to  300°C,  J.ts 
pressure  increases  fro*  2 ATM  to  10  ATM.  This  coapresses  a 
hydrogen  "non-condensible"  gas  slug  so  that  the  propane  vapor 
can  condense  on  the  colder  radiator.  The  condensed  liquid 
then  falls  and  provides  cooling  when  it  is  re-boiled.  " 


FIGURE  3.  VARIABLE  CONDUCTANCE  HEAT  PIPES 
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APPENDIX  B 


PRESENTED  MATERIALS 


Rover  Imaging  Requirements  for  a Mars  Rover/Sample  Return  Mission 

S.W.  Squyres 


Introduction 


One  of  the  most  important  types  of  instruments  to  be  considered  for  a Mars  rover  is  an 
imaging  system.  The  rover  imaging  system  (or  systems)  will  play  a critical  role  in  virtually 
all  phases  of  the  rover  mission:  regional  and  local  scale  navigation,  geologic  characterization 
of  sites,  sample  selection,  and  preliminary  sample  analysis.  The  purpose  of  this  brief  docu- 
ment is  to  present  a very  preliminary  attempt  at  outlining  the  basic  functional  requirements 
for  rover  imaging,  based  on  scientific  criteria.  I begin  from  the  assumption  that  the  primary 
purpose  of  rover  imaging  is  to  assure  the  optimum  selection  of  samples  for  return  to  Earth. 
Other  scientific  goals  are  considered  secondary.  Of  course,  specification  of  the  imaging  car 
pabilities  that  a rover  should  possess  is  a complex  task  involving  many  compromises,  and  is 
one  that  will  eventually  have  to  be  done  by  a group  of  individuals  with  specialties  ranging 
from  martian  geology  to  optics  and  detector  design. 

A number  of  different  bases  of  experience  may  be  drawn  upon  to  help  specify  imaging 
capabilities  for  a Mars  rover.  These  include  the  Viking  Lander  imaging  experiment,  more 
recent  work  with  a number  of  more  sophisticated  sensors  that  have  been  developed  for 
laboratory  and  remote  sensing  use,  and  field  experience  in  Mars-like  terrestrial  environments 
such  as  the  Antarctic  Dry  Valleys.  All  of  these  are  considered  briefly  here. 


Imaging  Objectives 

First,  we  must  state  the  objectives  of  the  imaging  system(s).  There  are  at  least  four: 
(1)  rover  navigation,  (S)  sample  selection,  (S)  sample  acquisition,  and  (4 ) “supplemental9 
science  not  directly  related  to  samples. 

Rover  navigation  must  be  conducted  over  a range  of  scales,  all  of  which  may  involve 
rover  imaging  to  some  degree.  At  the  largest  scale,  it  will  be  necessary  to  find  the  location 
of  the  rover  in  a regional  context;  that  is,  its  general  position  relative  to  known  landmarks 
and  geologic  units.  At  an  intermediate  scale,  it  will  be  necessary  for  the  rover  to  navigate 
from  point  A to  point  B” , where  point  B is  some  feature  of  interest  ( e.g .,  a rock  of  unusual 
color)  that  is  observed  in  an  image  taken  at  point  A.  This  point  to  point  navigation  must 
be  performed  with  sufficient  accuracy  to  guarantee  that  the  object  of  interest  can  be  found 
reliably  once  the  rover  arrives  in  its  vicinity.  Finally,  at  a scale  comparable  to  the  size  of  the 
rover  itself,  it  will  be  necessary  to  avoid  obstacles  that  could  present  a hazard.  Regional- 
scale  navigation  will  almost  certainly  involve  radio  tracking  from  an  orbiter,  and  presumably 
will  not  rely  heavily  on  “dead  reckoning”  from  images  except  as  a last  resort.  Small-scale 
(hazard  avoidance)  navigation  may  well  utilize  highly  specialized  sensors  coupled  with  some 
form  of  artificial  intelligence.  It  is  the  imaging  requirements  for  intermediate  (~10  - 100 
m)  scale  navigation,  then,  that  are  of  primary  interest  here. 

Sample  selection  will  probably  be  the  most  challenging  objective.  It  will  be  necessary 
to  choose,  from  the  huge  number  of  possibilities  presented  to  the  rover,  the  few  kilograms 
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of  samples  that  will  produce  the  highest  science  return.  The  process  of  narrowing  down  the 
many  possible  choices  will  involve  three  levels  of  detail,  each  with  its  own  unique  imaging 
requirements: 


• Level  1 — Reconnaissance : At  the  coarsest  level,  it  will  be  necessary  to  survey  the 
basic  geologic  characteristics  of  a site,  noting  the  location  and  general  morphology  of 
features  such  as  lava  flows,  aeolian  deposits,  block  fields,  etc.  At  some  level  of  detail 
this  will  have  already  been  accomplished  from  orbit;  to  be  useful,  rover  reconnaissance 
imaging  must  improve  significantly  on  existing  orbital  images. 

• Level  2 — Prospective  sample  identification : Once  a site  has  undergone  an  intial 
survey,  it  will  be  necessary  to  identify  the  materials  in  the  field  of  view  that  are  worth 
a closer  look.  For  some  geologic  units,  especially  in  the  early  phases  of  the  rover 
mission,  this  may  simply  mean  selecting  samples  that  are  representative  of  the  unit 
and  easily  handled  by  the  sample  acquisition  system.  In  other  cases,  it  may  mean 
identifying  a unique  outcrop,  boulder,  or  other  exposure  that  differs,  perhaps  subtly, 
from  those  around  it. 

• Level  S — Detailed  sample  investigation : After  a prospective  sample  has  been  iden- 
tified,  perhaps  from  some  distance,  it  will  be  desirable  to  move  the  rover  to  it  and 
examine  it  in  some  detail  so  that  a decision  can  be  made  whether  to  return  it  (or 
part  of  it)  to  Earth.  At  this  point,  a number  of  instruments  onboard  the  rover  might 
be  put  to  use.  Imaging  could  contribute  in  two  ways.  First,  it  could  be  used  to 
characterize  the  appearance  of  the  sample  at  a variety  of  scales,  perhaps  including 
microscopic.  This  information  would  include  gross  sample  shape  (including  indica- 
tors of  weathering  style),  grain  size  distribution,  vesicularity,  fabric,  gram  texture, 
etc.  Second,  it  could  be  used  to  characterize  the  spectral  reflectance  properties  of  the 
sample,  perhaps  allowing  a preliminary  determination  of  mineralogy. 


Sample  acquisition  will  also  involve  imaging.  Some  of  this  involvement  will  be  purely 
operational;  images  of  the  sampling  process  will  be  useful  to  precisely  document  sample 
location  and  orientation,  and  may  be  needed  for  troubleshooting  if  a problem  arises.  Other 
uses  of  imaging  in  the  sampling  process  might  include  examination  of  soil  under  a rock  that 
has  been  lifted,  description  of  the  wall  geometry  of  trenches  that  have  been  dug,  etc. 

Supplemental  science  is  considered  here  to  be  any  scientific  objective  of  the  imaging 
experiment  that  is  not  directly  related  to  sample  acquisition.  Many  could  be  considered, 
and  such  science  may  be  a major  part  of  an  extended  rover  mission  that  takes  place  after 
all  samples  have  been  collected.  A partial  list  of  possible  supplemental  imaging  science 
objectives  is  included  in  an  appendix  to  this  document. 


Field  of  View  and  Resolution 

Perhaps  the  most  fundamental  characteristics  of  an  imaging  system  are  its  field  of  view  and 
resolution.  In  practice,  the  two  are  tightly  coupled,  and  are  major  drivers  for  the  imaging 
data  rate.  Field  of  view  is  simply  the  angular  size  of  an  area  imaged.  Image  resolution  can 
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be  defined  in  a number  of  ways,  and  can  be  limited  by  either  the  angular  size  of  the  pixels 
in  the  image  or  the  modulation  transfer  function  of  the  optics.  Data  rate  considerations 
generally  make  pixel  size  the  controlling  factor.  Denoting  the  focal  length  of  the  camera 
as  / and  the  absolute  size  of  pixels  on  the  focal  plane  detector  as  5,  the  angular  size  s of 
pixels  in  the  image  scene  is  given  by  tan(s/2)  = 5/2/. 


As  a first  step,  the  field  of  view  and  resolution  requirments  can  be  broken  into  two 
categories:  wide  field,  low  resolution  imaging,  and  narrow  field,  high  resolution  imaging. 
W'i'rfe  field,  low  resolution  imaging  would  be  similar  in  some  respects  to  Viking  Lander 
imaging.  Its  primary  purposes  would  be  rover  navigation  and  Level  1 sample  selection 
imaging  (».e.,  reconnaissance  of  the  basic  geologic  characteristics  of  sites).  A desirable  pixel 
size  might  be  ~ 1 mrad.  This  would  be  about  a factor  of  two  improvement  over  the  survey 
mode  of  the  Viking  Lander  cameras.  It  would  translate  to  a spatial  resolution  of  2 mm/pixel 
at  a distance  of  2 m,  and  10  cm/pixel  at  100  m.  This  angular  resolution  would  provide 
imaging  better  than  that  achievable  from  orbit  to  a distance  on  the  order  of  1 km  from  the 
rover.  The  field  of  view  requirement  in  azimuth  would  clearly  be  360°.  In  elevation,  the 
field  of  view  of  the  Viking  Lander  cameras  was  100°;  60°  below  the  horizon  and  40°  above 
it.  Comparable  values  would  probably  suffice  for  a rover.  With  such  capabilities,  wide 
field,  low  resolution  imaging  would  also  be  useful  for  limited  Level  2 (prospective  sample 
identification)  imaging  in  the  near  field. 


Narrow  field,  htgh  resolution  imaging  would  have  to  take  several  forms.  One  of  these 
would  be  telescopic.  Terrestrial  field  experience  shows  that  a telescopic  capability  is  crucial 
m any  geologic  traverse  over  poorly-known  terrain  that  involves  limited  mobility.  In  order 
to  be  truly  useful,  telescopic  imaging  should  probably  have  a spatial  resolution  of  no  worse 
than  0.5  cm/pixel  at  a distance  of  100  m,  corresponding  to  an  angular  pixel  size  s of  < 0.05 
mrad/pixel.  For  reference,  this  requirement  would  translate  to  a focal  length  of  > 200 
mm  for  a CCD  detector  with  a pixel  spacing  of  10  pm.  The  primary  use  for  a telescopic 
capability  would  be  Level  2 sample  identification  imaging  in  the  far  field.  In  principle, 
inclusion  of  this  capability  would  increase  the  number  of  prospective  samples  that  could 
be  investigated  in  a given  scene  by  a factor  of  > 400x  over  what  could  be  done  with  wide 
field,  low  resolution  imaging  alone.  It  should  be  possible  to  point  the  telescopic  imaging 
anywhere  in  the  360  x 100°  envelope  of  the  wide  field  imaging. 

A second  type  of  narrow  field,  high  resolution  imaging  would  be  at  what  could  be 
termed  hand  sample”  scale.  This  would  be  used  for  Level  3 imaging  aimed  at  detailed 
characterization  of  rock  morphology.  The  goal  would  be  to  provide  a resolution  comparable 
to  that  of  the  unaided  human  eye  examining  a hand-held  sample.  This  is  roughly  equivalent 
to  0.125  mm/pixel  at  a focus  distance  of  0.5  m,  or  a pixel  size  s of  0.25  mrad/pixel.  For  a 
CCD  array  of  10  /im  pixels,  this  resolution  would  mean  a focal  length  of  40  mm.  Because 
Level  3 imaging  place  would  probably  take  place  in  conjunction  with  use  of  other  instru- 
ments, it  would  have  to  involve  samples  whose  positions  relative  to  the  rover  were  known 
and  controlled.  The  necessary  pointing  envelope  could  therefore  be  considerably  smaller 
than  for  telescopic  imaging. 


A final  type  of  narrow  field,  high  resolution  imaging  that  could  be  used  for  Level 
3 sample  characterization  would  be  some  type  of  microscopic  capability.  The  easiest  one 
to  implement,  and  perhaps  the  only  one  desirable,  would  be  a capability  similar  to  that 
of  a field  geologist’s  hand  lens.  Such  imaging  would  be  used  to  characterize  the  detailed 
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grain  morphology  of  prospective  samples.  A desirable  spatial  resolution  might  be  ~ 0.01 
mm/pixel  at  a focus  distance  of  4 cm,  again  translating  to  an  angular  resolution  of  0.25 

mrad/pixel. 


Stereoscopic  Capability 

Stereophotogrammetry  is  a powerful  technique  for  establishing  the  three-dimensional  shape 
of  planetary  surfaces.  However,  when  applied  from  highly  oblique  surface-based  images, 
some  serious  limitations  can  be  caused  by  the  unconventional  image  geometry.  First,  the 
situation  can  be  complicated  by  the  extreme  foreshortening  and  large  scale  variations  in  a 
single  image  scene.  Second,  surface  topography  can  block  out  features  of  interest.  Thir  , 
stereo  convergence  angles  vary  widely  from  the  near  field  to  the  far  field,  and  only  permit 
useful  distance  determinations  over  a limited  range.  Figure  1 summarizes  the  minimum 
stereoscopic  uncertainty  achievable  with  the  Viking  Lander  cameras  in  their  high  resolution 
mode.  The  values  given  are  theoretical  limits  achievable  with  ideal  image  geometry.  These 
cameras  had  a horizontal  separation  of  82  cm,  and  in  high  resolution  mode  had  an  angular- 
resolution  of  0.7  mrad/pixel.  At  a distance  of  10  m the  range  uncertainty  was  about  20 
cm-  at  100  m it  was  20  m.  These  values  can  be  improved  with  higher  angular  resolution 
and  greater  stereo  separation  (although  the  latter  will  lead  to  larger  convergence  angles 
and  corresponding  loss  of  useful  stereo  capability  in  the  very  near  field).  However,  it  may 
be  difficult  to  improve  on  Viking  stereo  performance  substantially,  since  there  are  practice 
restrictions  on  camera  separation  and  spatial  resolution  for  wide  field  images.  It  will  be 
shown  below  that  range  uncertainties  of  only  a few  percent  over  tens  of  meters  can  lead 
to  severe  operational  difficulties  when  attempting  to  locate  samples  that  have  been  imaged 
from  a distance.  The  intrinsic  limitations  of  surface-based  stereophotogrammetry  will  have 
important  implications  for  the  strategy  chosen  for  point-to-point  navigation. 


Multispectral  Capability 


In  order  for  imaging  to  be  truly  useful  for  intelligent  sample  selection,  some  type  of  multi- 
spectral  capability  must  be  available.  At  visible  to  near  infrared  wavelengths,  rock-forming 
minerals  have  reflectance  spectra  consisting  of  a continuum  upon  which  may  be  superim- 
posed absorbtion  bands.  These  spectra,  and  particularly  the  positions,  shapes,  and  depths 
of  absorption  features,  can  be  distinctive  indicators  of  mineralogy.  The  absorption  features 
tend  to  be  concentrated  in  the  near  infrared  portion  of  the  spectrum.  It  is  known  rom 
Earth-based  reflectance  spectra  of  the  martian  surface  that  there  is  spectral  variability  on 
the  planet.  Such  data  have  very  poor  spatial  resolution,  however,  and  the  spectra  involve 
mixing  of  materials  with  varying  spectral  properties  over  a wide  range  of  length  scales  At 
the  very  high  spatial  resolution  possible  in  rover  images,  however,  it  should  be  possible  in 
many  cases  to  separate  out  mineral  phases  and  make  tentative  identifications  o^  minerals 
present  in  prospective  samples.  Multispectral  capability  will  therefore  be  crucial  both  for 
obtaining  samples  that  are  truly  representative  of  units  of  interest  and  for  locating  samp  es 
that  differ  from  those  around  them. 

For  Level  1 imaging  aimed  at  simply  characterizing  the  general  appearance  of  the 
scene  around  the  rover,  3-color  visible  wavelength  imaging  should  suffice.  For  Leve 
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Figure  1:  Ranging  accuracy  vs.  range  for  the  Viking  Lander  cameras.  Azimuth  angles  are 
relative  to  perpendicular  to  stereo  baseline.  From  Liebes  and  Schwartz,  J.  Geophys  Res 
82,  4421  (1977). 


imaging,  however,  it  will  be  necessary  to  incorporate  a number  of  channels  in  the  near 
infrared  that  will  enable  preliminary  recognition  of  potentially  interesting  spectral  features 
in  prospective  samples  remote  from  the  rover.  Considerable  study  will  be  required  to  select 
the  optimum  number,  positions,  and  widths  of  infrared  channels;  something  like  5 to  10 
channels  extending  out  to  ~ 2.5  fim  might  be  a reasonable  first  approximation.  For  Level 
3 imaging,  the  goal  would  be  to  aid  in  preliminary  determination  of  sample  mineralogy.  At 
a minimum,  this  goal  would  require  a spectral  capability  like  that  needed  for  Level  2 (of 
course,  it  would  be  used  at  much  higher  spatial  resolution,  enabling  much  better  separation 
of  mixed  phases).  A more  ambitions,  but  potentially  very  valuable  approach  might  be 
to  include  a capability  like  that  of  the  Mars  Observer  Mission  VIMS  experiment,  which 
is  specifically  designed  to  enable  identification  of  martian  minerals  from  their  reflectance 
spectra.  This  approach  would  entail  a true  imaging  spectrometer,  with  a wavelength  range 
°f  ~ 0 3 to  5 sampled  at  intervals  of  10-20  nm.  The  challenges  of  editing  and  processing 
such  data  would  be  helped  greatly  by  the  experience  that  will  be  gained  from  VIMS. 


Other  Characteristics 

A number  of  other  characteristics  also  need  to  be  considered  for  any  rover  imaging  system: 

Polarization  Images  acquired  through  polarizing  filters  can  under  certain  circum- 
stances provide  useful  information  about  the  textural  properties  of  surfaces.  If  it  could  be 
implemented  simply,  a capability  to  acquire  images  with  vertical  and  horizontal  polarization 
might  be  desirable. 

Radiometric  calibration  — Radiometric  calibration  is  only  moderately  important  for 
Level  1 imaging  aimed  primarily  at  characterizing  the  gross  morphology  of  the  scene  around 
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the  rover.  Very  good  calibration  (errors  of  < 5%  absolute,  1%  relative)  is  very  important, 
however,  for  Level  2 and  Level  3 multispectral  imaging  aimed  at  extracting  miner alogical 
information. 

Positioning  — As  discussed  above,  the  horizontal  separation  of  stereo  imagers  has  a 
major  impact  on  stereo  ranging  capability.  The  height  of  imagers  above  the  ground  will  also 
be  important.  Terrestrial  experience  suggests  that  navigation  and  reconnaissance  is  best 
accomplished  with  imagers  that  are  at  least  twice  as  high  above  the  ground  as  the  height 
of  typical  obstacles.  In  contrast,  Level  3 hand  sample  imaging  may  require  positioning  the 
imager  tens  of  cm  from  the  sample;  Level  3 microscopic  imaging  might  require  a separation 
of  only  a few  cm. 

A Terrestrial  Analog  for  Mars  Rover  Imaging:  A Traverse  Through  the 
Antarctic  Dry  Valleys 

Some  useful  constraints  may  be  placed  on  the  requirements  for  a Mars  rover  imaging  system 
from  terrestrial  experience  in  Mars-like  environments.  The  Dry  Valleys  of  Antarctica  con- 
stitute perhaps  the  most  Mars-like  environment  on  Earth.  They  lie  in  a cold  polar  desert  at 
a latitude  of  approximately  —77  to  —78°.  The  valleys  are  unglaciated,  separated  from  the 
main  Antarctic  Ice  Sheet  by  the  Transantarctic  Mountains.  The  mean  annual  temperature 
in  the  valleys  is  ~ 250  K.  Winds  are  high,  and  precipitation,  plant  life,  and  animal  life  are 
negligible.  Lithology  is  variable,  and  includes  Precambrian  to  Cambrian  metasedimentary 
and  plutonic  rocks,  Devonian  to  Triassic  non-marine  sandstones,  and  more  recent  mafic 
dikes. 

During  the  austral  summer  field  season  of  1986-1987, 1 performed  a very  preliminary 
experiment  to  stimulate  thinking  on  the  requirements  for  Mars  rover  imaging.  In  one 
afternoon,  I walked  a 5 km  traverse  through  Pearse  Valley  in  the  upper  portion  of  Taylor 
Valley.  At  twelve  irregularly  spaced  stations  along  the  traverse,  image  mosaics  were  acquired 
with  a hand-held  35-mm  SLR  camera.  The  photographic  coverage  included  360°  far  field 
mosaics  acquired  1 meter  above  ground  level,  180°  far  and  near  field  mosaics  acquired  2 
meters  above  ground  level,  and  limited  telephoto  coverage  with  a field  of  view  of  ~ 10  . 

Figures  2 and  3 show  typical  images  of  the  Viking  lander  sites  and  the  Antarctic 
Dry  Valleys.  The  similarities  are  striking.  The  most  significant  differences  are  that  there  is 
substantial  distant  relief  in  the  Antarctic  images  only  (note,  however,  that  most  of  Mars  is 
much  more  rugged  than  the  Viking  sites),  and  that  the  more  effective  eolian  transport  in 
Antarctica  has  selectively  removed  silt  and  clay-sized  particles,  leaving  sand  as  the  finest 
material  present.  Besides  the  obvious  similarities  in  block  sizes  and  distributions,  more 
detailed  similarities  extend  to  the  presence  of  wind-blown  drifts  (Figures  4 and  5),  and  the 
presence  of  shallow  polygonal  trough  patterns  (Figures  6 and  7). 

Several  findings  became  very  clear  from  the  execution  of  the  traverse  itself  and  the 
subsequent  examination  of  the  photos.  First,  telephoto  coverage  is  of  critical  importance 
when  moving  through  poorly-known  terrain.  Field  geologists  recognize  the  importance  of 
binoculars  in  reconnaissance  mapping,  even  when  good  air  photos  are  available.  Such  was 
certainly  the  case  in  Antarctica,  and  the  same  will  probably  hold  for  a Mars  rover.  Many 
distant  features  of  prospective  interest  can  be  tentatively  identified  in  low  to  moderate 
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Figure  2:  A typical  Viking  Lander  image  of  the  martian  surface 


Figure  3:  A typical  image  in  the  Antarctic  Dry  Valleys 
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Figure  5:  An  Antarctic  image  showing  wind-blown  drift  deposits 


V 


Figure  6.  A.  Viking  Lander  image  showing  a shallow  trough  that  forms  part  of  a polygonal 
pattern 
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resolution  images,  but  only  confirmed  with  high  resolution  telescopic  imaging.  This  was 
found  to  be  particularly  important  in  locating  bedrock  outcrops.  As  will  probably  be  the 
case  in  many  areas  on  Mars,  bedrock  outcrops  in  the  Dry  Valleys  are  few  and  far  between 
in  easily  navigable  terrain.  Moreover,  many  outcrops  are  short  vertical  faces  that  would  not 
be  visible  in  orbital  images.  It  is  likely  that  telescopic  imaging  will  play  a very  important 
role  in  sample  selection  on  the  martian  surface. 

Another  fairly  obvious  observation  was  the  importance  of  the  height  of  the  imaging 
system  above  the  ground.  While  the  impression  was  not  quantified  in  any  sense,  it  appeared 
that  images  acquired  at  a height  less  than  roughly  twice  that  of  typical  boulders  can  be 
difficult  to  interpret  for  navigational  purposes.  In  areas  where  most  rocks  and  other  forms 
of  relief  were  tens  of  cm  high,  1-meter  and  2-meter  images  were  equally  valuable.  Where  the 
local  relief  was  up  to  1 meter,  however,  the  2-meter  images  contained  substantially  more 
useful  information  than  the  1-meter  images. 

Perhaps  the  most  striking  observation  was  the  importance  of  positional  accuracy  in 
locating  distant  samples.  At  two  different  stations,  hypothetical  prospective  samples  were 
located  at  distances  of  ~ 100  m.  It  was  assumed  that  the  rover  would  then  move  directly 
toward  these  samples,  stopping  to  acquire  the  next  set  of  images  when  it  had  arrived  at 
the  expected  point  with  a range  accuracy  of  at  worst  10%.  In  one  case  the  desired  point 
was  intentionally  undershot  by  10  m.  This  placed  me  in  a depression,  from  which  1-meter 
images  were  completely  inadequate  to  locate  the  desired  sample,  the  position  of  the  last 
station,  or  even  useful  landmarks  on  the  horizon.  In  the  other  case,  a telephoto  image  was 
taken  of  the  desired  sample  from  a distance  of  roughly  100  m (Figure  8.  The  prospective 
sample  is  a low,  dark,  triangular  rock  just  slightly  to  the  left  of  center.)  In  this  case,  the 
desired  location  was  overshot  by  a small  amount,  and  a wide  angle  image  was  taken  back 
in  the  direction  of  the  previous  station  (Figure  9).  The  identification  of  any  of  the  rocks  in 
the  first  image  in  the  field  of  view  of  the  second  image  is  left  as  an  exercise  for  the  reader. 
They  are  there,  but  they  are  difficult  to  recognize.  The  important  point  is  that  irregularly 
shaped  rocks  can  look  very  different  when  viewed  from  different  angles.  If  the  rover  were 
expected  to  travel  distances  on  the  order  of  100  m between  images,  based  solely  on  stereo 
images  taken  at  the  starting  point,  it  would  in  many  cases  be  very  difficult  to  locate  the 
object  of  the  traverse  once  the  rover  arrives  near  it.  Very  high  positional  accuracies  are 
required.  One  possible  solution  might  be  to  do  continuous  positional  updates  with  onboard 
processing  of  images  taken  during  a ~ 100  m traverse;  another  might  be  to  improve  range 
determinations  by  using  extremely  high  resolution  orbital  images. 
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Figure  9:  Same  area  as  imaged  in  the  previous  figure,  but  near  field,  wide  angle,  and  in  the 
opposite  direction. 
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Appendix:  Supplemental  Rover  Imaging  Science  Objectives 

• Recognize  ancient  sediments  deposited  in  standing  water  bodies  ( e.g .,  look  for  fine-scale  lay- 
ering, graded  bedding,  deltaic  forms,  etc.) 

• Evaluate  small  valley  system  morphology  to  determine  the  true  channel  (as  opposed  to  valley) 
dimensions. 

• Search  for  ancient  small-scale  runoff  features  indicative  of  former  precipitation. 

• Search  for  unambiguous  indicators  of  liquid  water  flow  in  large  outflow  channels  (e.g.y  gravel 
or  cobble  mega-ripples)  to  settle  doubts  about  a catastrophic  flood  origin. 

• Search  for  morphologic  evidence  of  recent  fluvial  activity  in  young  materials. 

• Study  small-scale  eolian  depositional  forms  (dunes,  sand  ripples)  and  their  implications  for 
wind  directions  and  efficiency  of  eolian  transport. 

• Study  small-scale  eolian  erosional  forms  and  their  implications  for  the  importance  of  eolian 
erosion  as  a function  of  geologic  material. 

• Search  for  terrestrial-scale  "periglacial”  features  (e.g.,  patterned  ground  with  scales  of  meters 
to  tens  of  meters)  that  might  be  indicative  of  ground  ice  processes. 

• Search  at  middle  latitudes  for  small-scale  downslope  creep  features  that  might  indicate  sub- 
stantial ground  ice  content. 

• Characterise  the  small-scale  morphology  of  lava  flows  (pahoehoe,  aa,  etc.)  and  implications 
for  lava  emplacement,  rheology,  and  composition. 

• Examine  putative  explosive  volcanic  deposits  (e.g.,  in  Amazonis  Planitia)  and  determine 
whether  their  small-scale  morphology  is  indeed  consistent  with  such  an  origin. 

• Examine  regions  of  suspected  volcano- ground  ice  interaction  for  morphologic  evidence  of 
mdberg  formation,  lahar  flow,  and  palagonitization. 

• Examine  rock  morphology  to  evaluate  weathering  processes,  degree  of  vessiculation,  crystal 
size,  etc . 

• Search  for  the  presence  and  distribution  of  exposed  duricrust. 

• Look  for  small-scale  layering  in  polar  layered  deposits  indicative  of  short-term  climate  changes. 

• Determine  the  small-scale  morphology  of  lobate  ejecta  deposits,  with  the  goal  of  determining 
the  mode  of  emplacement  ( e.g .,  establish  geometry  of  flow-field  indicators,  search  for  small 
peripheral  channels  formed  by  release  of  entrained  water  after  ejecta  emplacement). 

• Examine  the  detailed  morphology  of  wrinkle  ridges,  with  the  goal  of  choosing  among  hypothe- 
ses for  their  formation  and  evaluating  their  usefulness  as  an  indicator  of  the  presence  of  flood 

lavas. 

• Characterize  the  near-surface  wind  field  and  its  relationship  to  topography  and  surface  rough- 
ness. 

• Characterize  the  distribution  of  atmospheric  dust. 

• Characterize  the  small-scale  distribution  of  surface  and  atmospheric  condensates  as  a function 
of  elevation,  local  topography,  geologic  material,  latitude,  time  of  day  etc. 
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CORNELL  UNIVERSITY 

Center  for  Radiophysics  and  Space  Research 

SPACE  SCIENCES  BUILDING 
Ithaca,  N.  Y.  14853-6801 


Telephone  (607)  255-5284 


May  13,  1987 


John  C.  Mankins 
Mail  Stop  301-285 
Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drive 
Pasadena,  CA  91109 

Dear  John: 

Enclosed  is  a copy  of  the  writeup  that  I promised  on  Mars 
rover  imaging  requirements,  including  the  Antarctic  work  that  I 
talked  about  at  the  workshop.  As  we  agreed,  I have  included  a 
number  of  the  slides  I showed,  and  have  left  room  in  the  manu- 
script to  include  them  as  printed  figures.  The  figure  numbers  are 
indicated  in  red  on  each  of  the  slides.  Please  return  the  slides 
to  me  when  you  have  finished  with  them,  as  they  are  my  only 
copies. 

Note  also  that  this  writeup  includes  the  material  that  I 
presented  to  the  Sample  Acquisition  group,  but  in  a bit  more 
detail,  and  so  can  supersede  any  of  my  workshop  viewgraphs  you 
might  have  been  planning  to  put  in  the  workshop  report.  Please 
let  me  know  if  I can  provide  any  further  help  in  this  area. 


cc:  Doug  Blanchard 
Jim  Randolph 
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1987  MARS  ROVER  WORKSHOP: 

STRAWMAN  MARS  ROVER  CAPABILITY  SCENARIOS 


The  following  appendix  provides  several  alternative  MRSR  Rover 
capability  scenarios,  based  upon  options  for  Rover  mission  operations; 
these  are  directed  at  (1)  minimum  capabilities  scenarios,  (2)  moderate 
capability  scenarios,  and  (3)  maximum  capability  scenarios.  Please  note 
that  these  alternatives  due  not  represent  monolithic  "point  designs"  for 
three  different  rovers;  rather  they  are  intended  to  be  considered 
individually , with  interdependencies  (such  as  between  rover  mass, 
instanteous  speed,  and  power)  discussed  and  quantified  if  possible. 

THIS  IS  THE  CORNERSTONE  UNDERLYING  THE  APPROACH  TO  TECHNOLOGY  PLANNING 
3EING  PURSUED  AT  THIS  WORKSHOP:  KEYING  TECHNOLOGY  PLANNING 
SYSTEMATICALLY  TO  ENHANCEMENTS/OPTIONS  IN  ROVER  CAPABILITIES. 

Appendix  C.l  provides  a summary  table  of  the  rover  functional  capability 
options  which  should  be  considered  as  drivers  for  alternative  technology 
options  and  technology  development  planning  forecasts. 

There  are  alternatives  in  programmatic  parameters  and  the  roles  of 
non-Rover  MRSR  systems  (particularly,  the  orbiter  and  ground-based 
^isston  operations)  which  will  interact  heavily  with  on-board  Rover 
technologies . These  options  are  incorporated  as  sub-choices  within  the 
narratives  provided  in  Appendices  C.2-C.4  (for  example,  two  launch 
date  alternatives  are  shown  for  all  other  capability  options). 
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APPENDIX  C.l:  SUMMARY  TABLE  OF  CAPABILITY  OPTIONS 


FUNCTIONAL 

ALTERNATIVE  SCENARIOS: 

CAPABILITY 

MINIMUM 

MODERATE 

MAXIMUM 

Rover  Mass 

400 

700 

1000 

(kg) 

Rover  Mission  Duration 

300 

300 

300 

(days)* 

+ 500 

+ 1000 

Total  Traversed 

100 

1000 

5000 

Distance  (km)* 

Instantaneous  Rover 

100 

500 

1000 

Surface  Speed  (m/hr) 

Power  Level  (average) 

200 

300 

400 

(Watts) 

Autonomous  Operations 

1 

10 

100 

Duration  (hrs) 

Total  Data  Transmitted 

100 

250 

1000 

(Mbits/day) 

Global  Navigation 

1000 

100 

10 

Accuracy  (meters) 

Sampling  Rate 

0.5 

2.0 

5.0 

(per  day) 

Known  Surface  Object 

1.5 

1.5 

1.5 

Size  (meters) 

* NOTE:  See  the  narrative 

discussion  of  each  capability 

option ' 

for  details  regarding  these 

values  . 
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C . 2 MARS  ROVER  TECHNOLOGY  PLANNING  WORKSHOP: 

STRAWMAN  - MINIMUM  CAPABILITY  SCENARIOS 


The  following  parameters  approximately  characterize  "mimimum"  Mars 
Rover  capability  scenarios.  All  scenarios  assume  (1)  that  100  days  out 
of  every  400  are  lost  due  to  sand  storms,  and  (2)  that  the  Round  Trip 
Light  Time  for  communications'  with  Earth  varies  approx,  from  8 min.  to 
40  min. 


1. 


Mission  launch  date: 


1998  or  2000 


2.  Technology  Selection  Cut-off:  1992/3  or  1994/5 

3.  MINIMUM  TOTAL  ROVER  MASS:  400.00  kg. 

- Science  Package  Mass:  approx.  57  kg. 


MINIMUM  CAPABILITY  SITE  & TERRAIN  FACTORS: 


Total  Rover  Traversed  Distance: 
During  Sampling 
During  Extended  Operations 


100.00  km/over  1 yr. 
100.00  km/over  1 yr. 
n/a 


Maximum  size  Object  traversed: 


0.50  m 


Maximum  Resolution  of  Orbital  Mapping:  1.50  m 

General  Terrain  Description: 


Landing  site  selected  for  minimum  risk  to  the  mission. 

Flat  plain,  no  major  inclines  in  traversed  path  (no 
mountains,  valleys,  ravines,  etc.),  small  boulders  as  noted; 
maximum  steady  grade  traversed  of  15-30%.  For  a conservative 
landing  site,  and  a low  total  traverse  rover,  it  is  assumed 
that  the  rover  covers  the  terrain  noted. 


5 . 


MINIMUM  CAPABILITY  SAMPLING  APPROACH: 
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Surface  materials,  minimal  drilling  into  rocks  (perhaps 
about  10  cm).  Assume  the  rover  does  no  coring. 

Human  selection  of  all  collected  samples;  no  autonomous 
pre-screening . 

Total  Collected  Mass:  5 kg 


6.  MINIMUM  CAPABILITY  ROVER  OPERATIONS: 

Total  duration  of  Rover  Operations:  1 year. 

Assume  no  operations  at  night;  consider  technology 
impact  of  both  Orbiter  communications  link  & non-link  on 
operations.  The  baseline  communications  approach  is  a 
direct  Rover -to -ground  link. 

Operations  baselined  to  end  with  ascent  vehicle  departure. 
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STRAWMAN  - MODERATE  CAPABILITY  SCENARIOS 

The  following  parameters  approximately  characterize  "moderate"  Mars 
Rover  capability  scenarios.  All  scenarios  assume  (1)  that  100  days  out 
of  every  400  are  lost  due  to  sand  storms,  and  (2)  that  the  Round  Trip 
Light  Time  for  communications  with  Earth  varies  approx,  from  8 min.  to 
40  min. 


1. 


Mission  launch  date: 


1998  or  2000 


2 . 


Technology  Selection  Cut-off: 


1992/3  or  1994/5 


3.  MODERATE  CAPABILITY  TOTAL  MASS:  700  kg 

- Science  Package  Mass:  approx.  100  kg 


4. 


MODERATE  CAPABILITY  SITE  & TERRAIN  FACTORS: 


Total  Rover  Traversed  Distance: 
During  Sampling 
During  Extended  Operations 


1000.00  km/over  3 yrs  . 

100.00  km/over  1 yr . 
1000.00  km/over  2 yrs. 


Maximum  size  Object  traversed: 


0.50m 


Maximum  Resolution  of  Orbital  Mapping:  1.50  m 


General  Terrain  Description: 


Landing  site  selected  for  moderate  risk  to  the  mission. 
Substantive  inclines  included  in  traversed  path  (valleys, 
ravines,  etc.),  boulders  as  noted;  maximum  steady  grade 
traversed  of  30-60  %.  For  the  rover  capability  noted  (i.e.  , 
only  a minimum  traverse  during  sampling),  it  is  assumed 
that  the  lander  vehicle  descends  Into  rougher  territory 
and  then  deploys  the  rover  for  operations  there. 


5.  MODERATE  CAPABILITY  SAMPLING  APPROACH: 
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Surface  materials,  minimal  drilling  into  rocks  (10  cm), 
plus  moderate  subsurface  coring  (2  m) . 

Human  selection  of  all  collected  samples;  no  pre-screening. 
Total  Collected  Mass:  5 kg 

MODERATE  CAPABILITY  ROVER  OPERATIONS: 

Total  duration  of  Rover  operations:  3 yrs 

Assume  no  operations  at  night;  consider  technology 
impact  of  both  Orbiter  communications  link  & non- link  on 
operations.  The  baseline  communications  approach  is  a 
direct  Rover- to -ground  link. 

Operations  baselined  to  extend  beyond  ascent  vehicle 
departure;  approx.  400  days  sampling,  then  approx.  1 1/2 
years  of  exploration. 
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C.4  MARS  ROVER  TECHNOLOGY  PLANNING  WORKSHOP: 

STRAWMAN  - MAXIMUM  CAPABILITY  SCENARIOS 

The  following  parameters  approximately  characterize  ’'maximum"  Mars 
Rover  capability  scenarios.  All  scenarios  assume  (1)  that  100  days  out 
of  every  400  are  lost  due  to  sand  storms,  and  (2)  that  the  Round  Trip 
Light  Time  for  communications  with  Earth  varies  approx,  from  8 min.  to 
40  min. 


1 . 


Mission  launch  date: 


1998  or  2000 


2.  Technology  Selection  Cut-off:  1992/93  or  1995/6 

3.  MAXIMUM  CAPABILITY  TOTAL  MASS:  1000  kg. 

- Science  Package  Mass:  approx.  140  kg 

Options  or  benefits  for  still  greater  maximum  rover  mass 
could/should  be  considered. 


4. 


MAXIMUM  CAPABILITY  SITE  & TERRAIN  FACTORS: 


Total  Rover  Traversed  Distance: 
During  Sampling 
During  Extended  Operations 


5000.0  km 

500.00  km/over  1 yr . 

4500.00  km/over  4 yrs . 


Maximum  size  Object  traversed: 


1.00  m 


Maximum  Resolution  of  Orbital  Mapping:  1.50  m 

General  Terrainr  Description: 

Landing  site  selected  for  maximum  acceptable  risk  to  the 
mission.  Substantive  inclines  included  in  traversed  path 
(hills,  valleys,  ravines,  etc.),  boulders  as  noted.  For 
the  rover  capability  noted  during  sampling  (500  km)  it 
can  be  assumed  either  that  the  lander  descends  into  rough 
country,  or  that  the  lander  descends  into  less  risky 
country  and  the  rover  traverses  to  and  from  the  rougher 
country  for  sampling  at  more  interesting  sites  (such  as 
the  bottoms  of  ravines) . 
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5.  MAXIMUM  CAPABILITY  SAMPLING  APPROACH: 

Surface  materials,  minimal  drilling  into  rocks  (10  cm), 
plus  deep  subsurface  coring  (5  m) . Requirements  and 
capabilities  for  still  deeper  coring  could/should  be 
considered  Limited  collection  of  atmosphere  could  be 
considered . 

Human  selection  of  all  collected  samples ; limited 
autonomous  pre-screening  of  samples  could  be  considered. 

Total  Collected  Mass:  10  kg. 

6.  MAXIMUM  CAPABILITY  ROVER  OPERATIONS: 

Total  duration  of  Rover  operations:  5 years 

Consider  operations  at  night  (for  example,  traversing 
at  night  is  clearly  an  option);  consider  technology 
impact  of  both  Orbiter  communications  link  & non-link  on 
operations.  The  baseline  communications  approach  is  a 
direct  Rover- to -ground  link. 

Operations  baselined  to  extend  beyond  ascent  vehicle 
departure;  approx.  400  days  sampling,  then  approx.  3 1/2 
years  of  exploration. 
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SECTION  1 


EXECUTIVE  SUMMARY 


The  Mobility  Session  was  well  represented  with  experienced  leaders 
in  the  art  of  vehicle  mobility.  The  lessons  learned  from  the  lunar  vehicle 
developments,  the  state-of-the-art  in  legged  vehicles,  and  the  experience  of 
many  military  vehicle  developments,  were  all  discussed  in  ways  that  they 
relate  to  a Mars  rover. 

While  the  session  remained  open-minded  to  novel  vehicle  configur- 
ations, it  was  agreed  that  the  exotic  configurations  were  weeded  out  in  the 
1960's  for  good  reasons.  The  three  leading  contenders  today  are  legged, 
wheeled,  and  tracked.  The  number  of  legs/wheels,  degree  of  body  articulation, 
and  type  of  suspension  are  examples  of  configuration  elements  not  yet  resolved. 

The  problem  of  terrain  definition  was  pointed  out  as  most  signif- 
icant. The  people  planning  the  rover  excursions  need  to  understand  the 
consequences  of  compromising  the  vehicle  at  specific  sites.  The  specter  of 
deep  soft  dust  has  been  brought  forward  as  the  most  threatening  unknown  (as  it 
was  at  one  point  in  the  lunar  experience).  A requirement  list  was  generated 
for  terrain  specification  categories# 

There  is  little  doubt  that  the  vehicle  must  be  able  to  withstand 
overturning  and  be  able  to  right  itself.  The  value  of  the  mission  coupled 
with  the  uncertainty  of  the  hazards  dictates  a self-uprighting  vehicle. 
Discussion  of  the  use  of  the  robotic  arms,  intended  only  for  sampling,  for 
assisting  the  mobility  under  severe  conditions,  led  to  the  concept  of  a 
"hybrid"  vehicle.  By  making  the  arms  robust,  they  can  be  used  to  supplement 
the  locomotion  system,  allowing  the  overall  vehicle  to  be  simpler,  more 
efficient  on  "normal"  terrain,  and  lighter  weight.  The  arms  might  also  be 
used  to  stabilize  the  vehicle  during  drilling  operations. 

A conclusion  was  reached  that  computer  modeling,  and  vehicle  and 
terrain  simulation  should  be  used  to  select  and  optimize  the  vehicle  configur- 
ation. The  use  of  computer  modeling  is  one  of  the  vehicle  industry's  emerging 
techniques.  It  must  be  coupled,  however,  with  experimental  proof  of  the 
modeling  assumptions.  It  is  also  known  that  prototype  testing  will  undoubtedly 
reveal  failure  modes  not  anticipated,  and  hence,  not  modeled.  The  overall 
process  is  one  of  iteration  which  cannot  be  accurately  scheduled  until  the  full 
scope  of  the  problem  is  known. 
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SECTION  2 


INTRODUCTION 


The  Mars  Rover  and  Sample  Return  (MRSR)  mission  is  being  studied  by 
the  National  Aeronautics  and  Space  Administration  (NASA)  as  a potential  augmen- 
tation of  the  core  planetary  exploration  program  outlined  by  the  Solar  System 
Exploration  Committee  (SSEC).  The  "Mars  Rover"  is  a major  element  of  the 
planned  MRSR  mission;  the  Rover  will  provide  the  capability  to  collect  diverse 
samples  of  materials  from  a wide  area  of  the  Martian  surface. 

The  Mobility  Working  Group  of  the  Technology  Planning  Workshop  for 
the  Mars  Rover  was  supported  by  a mix  of  experienced  U.S.  industrial,  academic, 
and  NASA  vehicle  designers  and  researchers  in  mobility  technology.  The  partic- 
ipants of  the  working  group  are  listed  in  Table  2-1.  (Note:  Not  all  of  the 

participants  attended  all  three  days  of  the  workshop;  also,  in  addition  to  the 
participants,  several  observers  whose  names  are  not  listed  in  Table  2-1 
attended  the  Mobility  Working  Group.) 


2.1  WORKING  GROUP  OBJECTIVES/GOALS 

The  initial  objectives  of  the  Mobility  Working  Group  included: 

(1)  To  establish  a set  of  preliminary  options  for  mobility 

technologies,  based  upon  a set  of  three  strawman  scenarios:  minimum,  medium, 

maximum.  (Note:  It  was  discussed  and  concluded  that  while  these  scenarios 

definitely  influence  future  point  designs,  they  are  not  seen  as  drivers  in  the 
development  of  mobility  technology.) 

(2)  To  identify  performance  due  to  each  technology  option. 

(3)  To  establish  an  initial  roadmap  for  research  and  development 
for  Mars  Rover  mobility  technology. 

(4)  To  formulate  a long-range  plan  for  the  minimum,  moderate,  and 
maximum  performance  technologies. 

(5)  To  establish  a common  basis  of  information  to  help  coordinate 
relationships  between  the  U.S.  aerospace  community  and  the  science  community 
designing  the  Mars  Rover  mission. 

(6)  To  record  the  appropriate  information  to  facilitate  a pro- 
ceedings document. 

At  the  start.  Mobility  Session  discussed  goals  appropriate  to  the 
extent  of  the  workshop.  The  following  goals  emerged: 

(1)  Assess  vehicle  options. 

(2)  Define  requirements  for  an  engineering  terrain  model. 

(3)  Assess  field  experience. 
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Table  2-1.  List  of  Attendees 


Working  Group  Role 

Individual  /Paper  Topic  Phone,  Address 


Don  Bickler  Chairman 

"Introduction" 


(818)  354-5488 
JPL/157-205 
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Richard  F.  Bonsack 
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Zoltan  Janos i 
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participant 


"Boeing  Experience 
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"Mobility 
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"GM  Experience 
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(coordinating) 
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Grumman  Aircraft 
Mail  Stop  A22-025 
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Boeing  Aerospace  Co. 
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Warren,  MI  48397-5000 

(408)  289-3409 
FMC 
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(805)  961-5251 
General  Motors 
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Lockheed  Missiles  and 
Space  Company 
Huntsville  Engineering 
Center 
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Table  2-1.  List  of  Attendees  (Contd) 


Individual 

Working  Group  Role 
/Paper  Topic 

Phone,  Address 

Ronald  Thompson 

participant 

(608)  262-3437 
(University  of  Wisconsin 
at  Madison) 

1415  Johnson  Dr. 

Madison,  WI  53706 

Ken  Waldron 

"'Walking  Vehicles 

(415)  723-0960 

(Stanford  U.  ) 

and  Wheels  using 

943  Mears  Court 

active  suspension'' 

Stanford,  CA  94305 
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(4)  Define  subsystems  required  for  analytical  design  modeling. 

(5)  Define  interface  requirements. 

2.2  BACKGROUND 

While  vehicle  design  is  a mature  science,  there  are  unique  charac- 
teristics involved  in  a Mars  rover  mission. 

The  efforts  being  expended  in  vehicle  design  are  primarily  the 

following: 


(1)  Improvements  in  passenger  vehicle  speed,  efficiency,  relia- 
bility, and  riding  comfort. 

(2)  Improvements  in  farm  and  construction  vehicles  which  are,  for 
the  most  part,  special-purpose  machines  and,  as  such,  allow  maximization  of 
some  aspects  of  vehicle  configuration  while  sacrificing  others. 

(3)  Improvements  in  military  vehicles.  Some  military  vehicles  may 
come  the  closest  to  configurations  applicable  to  a Mars  rover.  The  combination 
of  high  reliability,  suitability  for  a variety  of  off-road  conditions,  minimum 
weight,  and  good  efficiency  is  sought  by  both.  The  military,  of  course,  makes 
significant  vehicle  configuration  sacrifices  in  order  to  carry  weapons  and 
repel  the  effects  of  enemy  weapons. 

(4)  Experiments  with  recreational  vehicles  and  toys.  This  is  by 
far  the  most  inventive  forum  for  vehicle  configuration.  For  the  most  part, 
the  inventor/designer/builder  makes  his  own  rules  and  judges  his  own  success 
in  terms  that  he  negotiates  with  the  natural  elements.  In  spite  of  over- 
whelming R&D  efforts  by  the  professional  community,  these  amateurs  have 
succeeded  in  building  sling  shot  drag  racers  which  demonstrate  tire  coeffi- 
cients of  friction  greater  than  unity,  dune  buggies  which  climb  loose  sand  at 
the  maximum  angle  attainable  by  the  sand  itself,  and  a variety  of  toys  which 
climb  and  tumble  and  keep  going. 

With  these  four  reservoirs  of  experience,  the  rover  designer  still 
does  not  have  what  he  needs  to  configure  a vehicle  for  the  Martian  landscape. 

It  is  not  known  how  to  trade  off  mobility  over  a variety  of  terrains  against 
the  other  aspects  of  vehicle  design  such  as  reliability,  efficiency,  speed, 
etc.  One  needs  only  to  remember  the  wide  variety  of  proposed  vehicles  for 
lunar  exploration.  The  1960 's  gave  us  exciting  (often  weird)  new  vehicles 
which  rolled,  walked,  crawled,  and  burrowed  into  and  over  sand  and  rocks. 

These  were  condensed  into  a few  wheeled  vehicle  designs  which  had  been 
reasonably  optimized  for  the  surface  of  another  planet  (Earth's  moon).  When 
it  came  down  to  the  actual  vehicle  used  on  the  moon,  it  was  a disappointment 
to  admirers  of  weird  and  exotic  vehicles.  It  was,  however,  the  best  known 
configuration  for  the  specific  mission.  It  would  be  a tremendous  mistake  to 
conclude  that  all  the  research  on  special  designs  was  wasted  because  light 
weight  and  collapsibility  dominated  the  final  design  of  the  lunar  vehicle. 
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SECTION  3 


DISCUSSION 


The  mobility  system  can  be  discussed  in  terms  of  the  following 
functions:  stowage,  providing  an  apparatus  platform,  self-recovery , and 

locomotion. 


The  limited  volume  available  for  storing  the  rover  in  transit  to 
the  Martian  surface  requires  a combination  of  small  parts  and/or  collapsible 
designs.  To  the  extent  that  operations  are  performed  while  the  vehicle  is  in 
motion,  it  is  a dynamic  platform.  For  some  static  operations  it  must  function 
as  a rigid  base.  The  probability  of  overturning  the  vehicle  on  Mars  must  be 
considered.  In  more  hazardous  terrain  the  probability  increases.  By  rugged- 
izing  the  appropriate  instruments  and  equipping  the  vehicles  to  enable  them  to 
turn  upright  again,  the  mission  can  be  continued. 

The  function  of  locomotion  is  primary  to  the  rover  design.  The 
degree  of  severity  of  the  terrain  dictates  the  type  of  locomotion  used 
(rolling,  crawling,  walking,  flying,  etc.).  Other  functions  combine  with 
locomotion  to  determine  the  vehicle  configuration. 

The  spectrum  of  locomotion  types  is  very  broad.  All  the  types 
considered  in  the  1960 's  as  candidates  for  a lunar  rover  need  not  be  recon- 
sidered. After  sorting,  however,  there  are  still  several  candidates  applicable 
to  a Mars  mission.  After  considerable  discussion,  it  was  decided  that  there 
are  two  major  types  of  locomotion;  legged  and  rolling.  By  combining  a pair  of 
beefed-up  manipulator  arms  (to  be  used  also  as  climbing  arms/legs)  a third 
type  is  created  which  may  have  the  speed  and  efficiency  of  wheels  while  adding 
self-righting  capability  and  the  ability  to  climb  out  of  crevices,  etc. 

Figure  3-1  lists  only  the  most  significant  aspects  of  the  three  types. 

The  options  listed  for  wheels  as  "4,  5,  6,  more"  are  there  to  point 
out  the  significance  of  the  number  of  wheels.  Four  wheels  should  be  the  most 
efficient.  Five  is  unconventional  but  is  still  stable  after  losing  one  leg. 

Six  is  the  most  popular  obstacle-climbing  configuration.  For  soft  soils  more 
wheels  are  advantageous. 

The  comment  on  the  hybrid  is  meant  to  call  attention  to  the  need  to 
coordinate  the  vehicle  designer  and  the  sample  acquisition  engineer.  Only 
three  degrees  of  freedom  are  needed  for  a leg,  and  it  should  be  pointed  out 
that  making  these  legs  rugged  still  allows  three  to  four  more  degrees  of 
freedom  to  be  added  at  the  end.  These  additional  degrees  of  freedom  can  be 
precise  in  order  to  manipulate  delicate  samples. 

One  of  the  first  steps  in  designing  a vehicle  is  knowing  what 
terrain  features  are  to  be  involved.  In  general,  a vehicle  configured  to 
travel  over  loose  sand  and  dust  is  poorly  configured  to  climb  large  blocky 
obstacles . 


The  specter  of  deep,  loose  dust  which  can  envelop  a vehicle  was  of 
great  concern  before  lunar  missions.  This  issue  arises  again  because  of  the 
different  conditions  on  Mars.  Indications  are  that  there  is  much  wind-blown 
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dust  on  Mars  with  particles  less  than  10  microns  in  size.  (Diatomaceous  earth 
particles  are  about  3 microns  in  size.)  The  degree  of  compaction  makes  a tre 
mendous  difference  to  a vehicle.  On  Earth,  wind-blown  sand  favors  a particle 
size  of  about  0.5  mm  and  it  is  expected  that  it  is  similar  on  Mars.  There  are 
publications  to  indicate  that  the  sand  on  Mars  is  agglomerated  dust  particles 
which  easily  crush  back  into  dust.  While  the  Viking  Landers  I and  II  show  a 
crust  on  the  surface,  it  is  not  likely  that  freshly  formed  dunes  have  crust. 

As  one  of  its  goals,  the  Mobility  session  tabulated  the  key  require- 
ments for  a terrain  model.  These  are  listed  in  Figure  3-2. 


Rough-cut  estimates  were  made  of  funding  levels  required  to  develop 
three  options  for  mobility  configuration.  These  are  shown  in  Figure  3-3.  The 
legged  option  involves  a better  understanding  of  the  way  a foot  sinks  into  the 
soil.  This  understanding  is  prerequisite  to  developing  the  computer  software 
necessary  for  negotiating  combinations  of  turns  and  hills  on  various  soils  and 
obstacles.  The  wheels/track  option  begins  with  determining  the  best  config 
uration.  This  is  done  by  a combination  of  scale  models  of  computer  modeling. 
The  hybrid  option  overlaps  the  other  options.  It  involves  the  optimization  of 
configurations  using  arms  as  mobility  elements.  It  is  expected  to  be  the  most 
efficient  means  of  overcoming  large  obstacles  and  self-righting  the  vehicle. 
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SECTION  4 


SUMMARY  AND  CONCLUSIONS 


The  Martian  terrain  is  a unique  problem  for  the  vehicle  designer. 
There  is  more  to  it  than  simply  selecting  characteristics  from  the  experiences 
gained  either  on  Earth  or  on  the  Moon.  The  Martian  gravity  is  between  that  of 
the  Earth  and  the  Moon  ( 1 > . 38 >.17).  Mars  has  enough  atmosphere  to  burn  up 
small  meteorites  and  turn  them  to  dust.  Mars  has  volcanoes  which  have  likely 
made  more  dust.  Indications  are  that  Mars  has  much  more  dust  in  the  particle 
size  range  less  than  10  microns  than  the  Moon.  The  Earth  forms  clay  from 
particles  this  fine.  Mars  has  dust  storms  which  circulate  the  dust  and  keep 
it  loose.  The  deep  ravines  of  Mars  are  likely  to  be  cut  into  "soil"  composed 
of  dust,  compacted  and  bound  by  frost  and/or  salt  crystals  to  an  unknown  value 
of  cohesive  force. 

The  Mars  rover  vehicle  must  operate  autonomously.  It  must  resist 
overturning  and/or  bogging  down.  It  must  recover  when  it  does.  The  more 
severe  conditions  will  stop  the  vehicle.  The  fact  that  severe  conditions  are 
statistically  rare  must  be  combined  with  the  extent  of  the  rover's  wandering. 
For  this  reason,  it  is  concluded  that  the  rover  needs  more  than  a means  of 
locomotion.  It  needs  the  ability  to  upright  itself  and  to  recover  from  hazards 
and  failures. 

It  was  concluded  that  a single  body  unit  has  significant  advantages 
over  several  body  units.  Distributing  the  load,  in  the  form  of  a body  unit 
over  each  axle,  is  a proven  way  to  gain  obstacle-climbing  ability.  However, 
the  advantages  of  thermal  control  and  instrument  platform  stability  are 
important  enough  to  consider  better  suspension  schemes. 

It  was  concluded  that  computer  modeling  the  terrain  and  the  candi- 
date vehicles  is  emerging  in  the  industry  as  the  most  efficient  means  of 
selecting  a design. 

In  order  to  design  a Mars  rover,  it  is  necessary  to  combine  previous 
vehicle  experience  with  what  is  known  about  the  Martian  environment  and  what 
is  desired  of  the  sample-gathering  mission.  The  recommended  procedure  for  this 
task  is  to  begin  with  computer  simulation  of  the  environment  and  promising 
vehicle  configurations.  It  is  expected  that  key  generalizations  will  emerge 
that  allow  trade-offs  to  be  performed.  A superficial  computer  optimization 
should  be  followed  by  laboratory  experiments  to  determine  the  validity  of  the 
interactions  between  elements  used  in  the  computer  analysis.  By  combining  and 
iterating  computer  optimization  with  laboratory  experiments  on  specific  ele- 
ments a preliminary  design  will  emerge.  The  design  needs  to  be  modeled  as 
hardware  and  tested  extensively  in  order  to  flush  out  its  shortcomings.  Unique 
combinations  of  terrain  features  and  vehicle  geometries  will  undoubtedly  be 
discovered.  Failure  modes  will  be  discovered  as  well.  This  process  should  be 
repeated  through  the  prototype  stage  in  order  to  evolve  a meaningful  design. 
Throughout  this  process,  innovation  will  contribute.  It  is  not  a simple  matter 
of  innovation  at  the  initial  concept  phase. 
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It  is  reasonable  to  conclude  that  inasmuch  as  one  or  more  manipu- 
lator "arms"  will  be  on  the  rover*  these  arms  can  be  made  to  augment  the 
vehicle  mobility.  By  having  two  arms*  the  sample  acquisition  (their  primary 
purpose)  system  is  redundant  against  failure.  We  need  to  analyze  the  obstacle- 
climbing maneuvers  of  a hybrid  arm-wheeled  vehicle  and  trade  off  the  configur- 
ation. (Should  the  arms  be  in  front*  at  the  corners*  on  the  top*  or  ? ) The 
resulting  hybrid  would  then  be  compared  to  a baseline  configuration. 
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SECTION  5 


PRESENTED  MATERIALS 


The  following  section  provides  the  materials  that  were  presented  by 
various  participants  at  the  Mobility  Working  Group- 


5.1  GRUMMAN  AIRCRAFT  ENGINEERING  CORPORATION  (PRESENTED  BY  JOHN  NORRIS) 

The  Grumman  lunar  vehicle  design  experience  was  presented,  showing 
a variety  of  vehicle  and  wheel  designs.  The  Grumman  design  for  the  lunar  rover 
was  a four-wheeled  vehicle.  They  also  experimented  extensively  with  six- 
wheeled  vehicles.  A key  feature  of  their  "flexible  cone"  wheel  design  is  that 
the  ground  contact  "footprint"  is  very  long  for  a given  wheel  diameter.  They 
employ  a footprint  equivalent  to  that  of  a wheel  many  times  larger  in  diameter. 
One  version  of  cone  wheels  was  designed  for  use  on  military  jeeps  used  in 
Vietnam  for  16,000-mile  service.  Figures  5-1  and  5-2  show  some  of  the  Grumman 

model  tests. 


5^2  BOEING  AEROSPACE  COMPANY  (PRESENTED  BY  RICHARD  BONSACK) 

The  actual  lunar  rovers  used  were  contracted  from  Boeing. 

Figure  5-3  shows  the  general  configuration.  Eight  were  built  and  three  are  on 
the  Moon.  Some  of  the  statistics  of  their  performance  are: 


MISSION  SUMMARY 


Number  of  sorties 
Total  distance  traveled 
Average  speed 
Maximum  speed 


APOLLO  15 
3 

27.5  km 
9 . 2 kph 
14  kph 


APOLLO  16 
3 

27.1  km 
7.9  kph 
17  kph 


PERFORMANCE  SUMMARY 


APOLLO  17 
3 

36.1  km 

8.1  kph 
18  kph 


SPEED: 

TURN  RADIUS: 
GRADE: 

ROLL  STABILITY: 
ENDURANCE: 

OBSTACLES : 


16  kph;  smooth,  hard  surface 
3.0  meters 

25  degrees;  ascend  and  descend 
14  degrees 

92  km  (limited  by  non-rechargeable  battery 
power) 

Objects  - 30.5  cm  step 
Depressions  — 71.0  cm  breach 


reasons  given  for  the  actual  rovers  having  four  wheels  rather 
1)  it  was  of  paramount  importance  that  the  vehicle  fold  into 
compact  space,  2)  the  vehicle  was  steered  by  a man  and  could  avoid  excessive 
obstacles,  and  3)  it  was  light  weight  enough  (on  the  Moon)  that  a man  could 
lift  it  out  of  a good  number  of  possible  accidents. 


The 

than  six  were: 
compact  space. 
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Figure  5-1.  Grumman  Model  Tests 


DIMENSIONS 
Length: 
Width: 
Wheel  base: 
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Figure  5-3.  Boeing  Lunar  Rover  General  Configuration 


The  wire  wheel  design  shown  in  Figure  5-4  could  be  altered  to  be 
optimum  when  used  on  a Mars  rover  mission.  By  designing  to  a low— stress, level 
fatigue  failure  can  be  virtually  eliminated. 

The  drive  motors  used  on  each  of  the  rover  wheels  are  shown  in 
Figure  5-5.  The  gear  case  is  liquid  lubricated.  It  is  sealed  without  the  use 
of  rotating  seals.  A harmonic  drive  is  used  which  seals  by  way  of  an  elas- 
tically deformed  metal  tube.  The  motors  used  are  series-wound  1/4  horsepower, 
with  a gear  reduction  of  80  to  1.  In  the  event  of  a motor/drive  failure,  the 
astronaut  could  decouple  the  drive  to  allow  freewheeling. 


5.3  ODETICS  [PRESENTED  BY  NEVILLE  MARZWELL  (JPL)] 

Odetics  did  not  have  a representative  at  the  Mobility  session.  Dr. 
Neville  Marzwell  of  JPL  presented  information  on  the  Odetics  walking  machine, 
gained  through  a previous  development  contract  with  JPL  and  other  experience. 
The  Odetics  machines  have  six  legs  mounted  circumferentially  rather  than 
in-line.  As  such  they  have  a spider-like  appearance. 

ODETICS  I was  a blind,  "feeler"  machine.  It  navigated  by  sensing 
surfaces  ahead  of  it  and  then  placing  weight  on  the  leg  being  moved.  Software 
was  developed  to  the  extent  that  the  machine  successfully  climbed  stairs.  It 
could  lower  itself  in  order  to  crawl  under  things  and  it  could  narrow  its 
configuration  in  order  to  pass  through  a 1.5— foot— wide  opening. 

ODETICS  II  has  a stereo  vision  system.  It  estimates  step  height, 
width,  and  distance.  It  has  been  successfully  demonstrated  traveling  through 
a field  of  roof-shaped  obstacles.  Its  stability  has  been  demonstrated  as  well 
The  machine  can  lift  5 to  7 times  its  weight.  A 700  kg  robot  has  lifted  a 
5 ton  truck.  NASA  technology  level  5 has  been  accomplished. 

The  power  required  is  influenced  by  the  shape  of  the  terrain,  with 
rough  terrain  requiring  more  power.  There  are  sensors  on  each  foot  for  deter- 
mining contact.  There  are  vision  sensors,  and  force  feedback  is  used  to  sense 
forces  applied.  As  the  terrain  becomes  very  rough,  significantly  more  compu- 
tational time  is  required,  slowing  the  vehicle  down.  In  the  case  of  retracing 
a "memorized"  trip  (stored  in  the  computer  memory)  the  vehicle  speed  is  quite 
rapid. 


The  actual  mechanisms  in  use  are  not  qualified  (space,  military, 
etc.)  but  nothing  is  seen  to  indicate  that  qualified  mechanisms  cannot  be 
developed.  The  vehicle  can  walk  with  one  leg  disabled. 

A comment  was  made  that  adding  grippers  at  the  end  of  the  legs 
should  improve  the  climbing  ability  considerably. 


5.4  U.S.  ARMY  TANK  AUTOMOTIVE  COMMAND  (PRESENTED  BY  Z0LT0N  JANOSE) 

The  NATO  Reference  Mobility  Model  (NRMM)  was  presented  and 
discussed.  This  model  is  a detailed  system  for  classification  of  terrain 
units  which  can  be  related  to  actual  areas.  It  is  used  for  prediction  of 
performance  of  various  vehicles  over  the  modeled  terrain.  Prospective  users 
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figure  5 4.  Lunar  Rover  Wheel/Tire  Configuration 
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Figure  5-5.  Lunar  Rover  Traction  Drive 


of  this  performance  prediction  methodology  are:  vehicle  designers,  the 

vehicle  procurement  community,  and  the  military  planning  community.  Figure  5—6 
shows  the  sub— models  involved.  The  terrain  factors  are  surface  composition, 
type  and  strength;  vegetation,  stem  (tree  trunk)  size  and  spacing  and  visi- 
bility; surface  geometry,  slope,  obstacles,  roughness;  and  linear  geometry, 
stream  size  and  spacing,  water  velocity,  and  depth.  There  are  21  factors  in 
all*  and  from  a combination  of  these  factors  and  78  classes  of  terrain  data, 
maps  are  constructed  with  coded  zones  of  classification.  Typically  there  are 
10  to  20  changes  in  a zone  for  a nautical  mile  in  Europe.  For  vehicle  perfor- 
mance predictions,  data  is  gathered  for  vehicle  running  gear,  power  train, 
geometry,  water  characteristics,  highway  characteristics,  mobili ty-assist 
systems,  ride  and  obstacle  data,  and  obstacle  interference  data.  These  data 
are  put  into  the  computer  model.  Figure  5-7  shows  the  gross  structure  of  this 
model.  Figure  5-8  shows  the  general  flow  of  information.  (AC/DC  means 
acceleration/deceleration. ) 

There  has  been  generally  good  agreement  between  predicted  and 
measured  performance.  As  a result,  there  has  been  a shift  away  from  building 
and  testing  expensive  prototypes  until  they  are  shown  by  computer  modeling  to 
be  promising. 


5.5  JPL  MARS  ROVER  MODELING  (PRESENTED  BY  GERALD  LILIENTHAL) 

Mobility  computer  analysis  at  JPL  has  the  present  objective: 

To  develop  a variety  of  different  rover  configurations  and  evaluate 
them  for  degree  of  mobility  by  computer  simulation. 

The  scope  has  been  broken  down  into  input  and  output. 

INPUT  SCOPE: 

• Will  require  application  of  surface  study  data 

• Macro  scale:  Site  selection  and  important  surface 

hazard  data 

• Micro  scale:  Definition  of  important  surface 

morphology 

• Takes  off  from  existing  work  of  Wilcox  (JPL)  and  Pavlics 
(GM) 

OUTPUT  SCOPE 

• Optimizes  existing  6-wheel  rover 

• Develops  other  configurations  for  maximum  mobility 

• Provides  foundation  for  study  of  rover  interaction  with 
sample  acquisition  devices. 

Two  phases  of  simulation  will  be  undertaken.  The  first  phase  unites 
the  vehicle  with  hazards  for  correlating  with  existing  test  data  to  either 
validate  or  refine  the  model.  Several  geometries  will  be  optimized  and  the 
results  reported.  The  second  phase  will  add  sample  acquisition  inputs  and  the 
control  algorithms  in  order  to  optimize  the  complete  system.  The  modeling 
process  is  shown  in  Figure  5-9. 
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Figure  5-6*  NATO  Reference  Mobility  Model  (NRMM) 
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•ent-ral  Flow  of  Information  in  NRMM  Computer  Model 


Figure  5-10  shows  a wire  frame  of  the  existing  rover  baseline 
configuration  with  a simple  cube  as  an  obstacle.  The  features  of  this 
modeling  effort  are: 

PARTS: 

3-dimensional  rigid  bodies  possessing  mass, 
inertia,  and  geometry 

FLEXIBILITY: 

Structural  elasticity  included  directly  in 
the  model 

CONNECTIVITY: 

Part  motion  constraints  modeled  from  the 
extensive  collection  of  standard  joints 
and  joint  components 


FORCES: 

Library  of  linear  and  nonlinear  force 
components  that  include  springs,  dampers, 
bushings,  etc. 


MOTIONS: 

Time-dependent  translations  and  rotations 
FUNCTION  LIBRARY: 

Predefined  algorithms  such  as  Fourier,  sine, 
step,  and  polynomial  forces  and  motions 

DIFFERENTIAL  EQUATIONS: 

Expressions  for  describing  controls,  hydrau- 
lics, electrical  system  effects 


SPLINES: 

Can  include  experimental  test  data  of  discrete 
functions  in  the  data  set  to  describe  forces 
and  motions 


5 # 6 FMC  (PRESENTED  BY  JOHN  MARINSHAW) 

FMC  uses  a systematic  approach  to  achieving  mobility,  breaking  it 
into  four  parts: 


• Singular  mobility  entity  (Mobility  matrix) 

• Relate  to  engineering  design  process 

• Specify  mobility  subsystem  parameters  in  hardware  terms 

• Conduct  subsystem  mobility  analysis  and  trade  studies 

The  matrix  used  is  shown  in  Figure  5—11.  Mobility  subsystem  param- 
eters are  shown  in  hardware  terms  in  an  attribute  tree  (Figure  5-12).  A 
typical  subsystem  is  the  suspension.  A sample  suspension  arrangement  is: 
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VEHICLE  CONCEPTS  ALTERNATIVES 
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Figure  5-11.  FMC  Mobility  Matrix 
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Mobility  Subsystem  Parameters 
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• Minimum  ground  clearance  = Wheel  travel  + 4 to  6 inches 

(16  to  20  inches) 


• Obstacle  grossing 

— Vertical  Wall:  30  to  36  inches 

Approach  angle  — 60°  with  90°  preferred 
Departure  angle  — 40°  with  90°  preferred 

— Trench  crossing:  6 to  9 feet 

In  a cooperative  effort  between  government  and  industry,  FMC  has  had 
success  using  their  mobility  matrix  approach. 


5.7  GENERAL  MOTORS  (PRESENTED  BY  FERENC  PAVLICS) 

General  Motors  (GM)  has  considerable  experience  in  lunar  vehicle 
design.  They  began  with  various  types  (configurations)  of  experimental 
vehicles  modeled  and  tested  in  soil  bins.  Figure  5-13  shows  three  of  these 
types.  The  tracked  vehicle  and  the  screw-driven  vehicle  are  very  good  in  loose 
fluffy  soil.  The  six-wheeled  vehicle  is  one  of  the  earliest  versions  of  the 
elastic  frame  concept.  By  having  three  body  sections,  one  on  each  axle, 
connected  by  elastic  frame  members,  the  result  is  a vehicle  with  fantastic 
climbing  ability.  It  climbs  vertical  steps  1 1/2  wheel  diameters  high.  The 
last  two  axles  push  (every  wheel  is  power  driven)  the  front  axle  against  the 
vertical  rise  with  sufficient  force  (if  the  coefficient  of  fraction  is  greater 
than  2/2  to  send  it  crawling  vertically.  Once  on  top  it  pulls  the  center  axle 
while  the  last  axle  pushes.  With  the  first  two  axles  on  top  they  pull  the  last 
one  up.  A four  wheeled  configuration  cannot  compete  unless  its  wheels  are  very 
large. 


Figure  5-14  shows  a 12-foot-long  version  of  this  configuration 
using  3-foot  diameter  wheels.  It  has  climbed  4 1/2-foot  vertical  steps  and  has 
crossed  4 1/2-foot  wide  crevices.  The  bottom  photo  shows  the  vehicle  traver- 
sing the  lee  side  of  a sand  dune  where  the  soil  is  at  the  "angle  of  repose" 

(as  steep  as  the  soil  will  pile).  Notice  the  indication  of  minor  landslides 
following  in  the  wake  of  the  vehicle.  The  vehicle  is  in  the  act  of  turning 
uphill  and  subsequently  climbing  up  and  over  the  dune.  It  is  recognized  in 
the  mobility  community  as  the  ultimate  in  traction  to  climb  a hill  of  soil  at 
its  angle  of  repose.  As  the  vehicle  climbs,  the  wheels  slip  at  about  50%, 
essentially  digging  into  the  hill  and  placing  the  soil  behind. 

GM  has  built  several  vehicles  with  this  basic  configuration  (wheel- 
bases 1 1/2  wheel  diameters  long,  two  wheel  diameters  wide,  three  axles  with 
three  bodies).  Full-scale  engineering  models  were  tested  for  the  Surveyor 
mission.  The  tests  included  sand  dunes  and  lava  craters. 

The  manned  lunar  mission  vehicles  were  also  built  by  GM.  After  all 
the  six-wheel  development,  the  actual  vehicles  sent  to  the  Moon  had  four 
wheels.  Some  of  the  reasons  given  for  this  are:  as  a manned  vehicle  it  could 

be  steered  around  obstacles,  weight  was  very  important,  and  the  vehicle  had  to 
fold  up  into  a compact  storage  space.  Figure  5-15  shows  the  steering  diagram 
and  the  folding  sequence  for  the  vehicle. 
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Figure  5-13.  Three  Types  of  Lunar  Roving  Vehicles 
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Elastic  Frame  Wheeled  Lunar  Vehicle  With  3-Foot 
Diameter  Wheels  Operating  in  Sand  Dunes 
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Motor 


Double  ackermann  steering 


Capability  verified  by  actual  measurement 
on  qual  and  flight  no  t vehicles 

Steering  diagram 


Figure  5-15.  Folding  Sequence  for  Lunar  Roving  Vehicle 
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5.8 


OHIO  STATE  UNIVERSITY  (PRESENTED  BY  KENNETH  WALDRON) 


Two  topics  were  discussed,  the  six-legged  walking  vehicle  built  by 
Ohio  State  University  (OSU),  and  a proposed  six-wheeled  vehicle  using  an 
actively  suspended  articulated  chassis. 

A gait  is  fundamental  to  walking,  with  machines  as  with  animals.  A 
gait  is  a leg  sequencing  rule.  Walking,  running,  trotting,  galloping  are 
gaits.  A variety  of  gaits  may  be  used  by  a walking  vehicle  such  as  the  Adap- 
tive Suspension  Vehicle.  On  reasonably  smooth  and  level  ground,  the  symmetric 
wave  gaits  are  optimal.  These  are  gaits  in  which  the  legs  of  each  bilateral 
pair  operate  exactly  180°  out  of  phase.  The  legs  on  each  side  of  the  vehicle 
operate  at  equal  phase  intervals  in  a rear— to— f ront  side  of  the  vehicle  operate 
at  equal  phase  intervals  in  a rear-to-f ront  sequence.  For  crossing  large 
obstacles,  a paired  gait  is  used  in  which  the  legs  of  each  bilateral  pair  oper- 
ate in  phase.  The  leg  pairs  are  operated  in  the  same  rear-to-f ront  sequence 
as  in  a wave  gait. 

Figure  5-16  shows  a time  sequence  for  a six-step  gait,  which  the  OSU 
vehicle  uses  as  its  primary  gait.  Other  gaits  are  used  for  stepping  over 
crevices  and  for  climbing.  The  machine  is  quite  large,  at  least  twelve  feet 
long  and  perhaps  a ton  in  weight.  At  present  it  walks  at  2 mph.  By  the  end 
of  the  summer  it  will  be  up  to  5 mph.  At  that  speed  it  will  be  limited  by  the 
computer.  The  mechanical  equipment  is  capable  of  8 mph.  Figure  5—18  shows 
the  machine  in  the  laboratory. 

The  business  of  turning  corners  is  quite  complex.  To  avoid 
scuffing,  the  computer  must  optimize  normal  to  tangential  foot  forces.  The 
present  system  uses  sub-optimal  solutions  which  resolve  the  motions  into 
components.  Figure  5-18  shows  the  components  for  two  legs  rotating  the 
vehicle  about  point  "C."  In  order  to  accomplish  this,  the  machine  has  18 
actuator  degrees  of  freedom  resulting  in  6 output  degrees  of  freedom. 

The  active  suspension  system  to  be  studied  is  shown  in  Figure  5-19. 
Coordination  of  wheeled  locomotion  systems  presents  some  problems  which  are 
similar  to  those  of  legged  systems,  and  some  which  are  different.  Of  course, 
there  is  no  equivalent  of  gait  in  a wheeled  system.  However,  the  problem  of 
distributing  force  among  the  actuators  is  important.  It  is  complicated  by  the 
wheel  action,  and  by  suspension  and  steering  geometry.  In  conventional 
vehicles,  the  force  distribution  problem  is  solved  approximately  by  passive 
mechanisms : differentials.  This  approach  is  likely  to  be  unsatisfactory  for 

agile  vehicles  with  long  effective  suspension  travel  to  minimize  suspension 
saturation. 


One  of  the  features  of  this  design  is  the  ability  to  upright  itself 
from  a position  lying  on  its  side.  The  proposed  sequence  for  this  maneuver  is 
shown  in  Figure  5—20.  The  primary  advantage  of  such  an  active  suspension 
system  is  to  improve  traction  and  climbing  ability. 
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This  machine  exemplifies  the  legged  system 
technology.  The  Adaptive  Suspension  Vehicle 
system  software  installation  is  in  progress. 
The  vehicle  has  been  operated  in  both  manual 
and  automated  coordination  modes. 


Figure  5-17.  The  Adaptive  Suspension  Vehicle  in  the  Laboratory 
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Figure  5-19.  Active  Suspension  System  To  Be  Studied 


3-5-26 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


The  Mechanics  of  Mobile 
Rnhntic  Platforms 


by 


Kenneth  J.  Waldron 
Nordholt  Professor 

Department  of  Mechanical  Engineering 
The  Ohio  State  University 
Columbus,  Ohio  432 1 0 
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Mobility 


*r 


* Power  Consumption 

* Coordination 

* Sensing  Requirements 
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Coordination 


Coordination  is  the  determination  of  the  command  variables 
to  be  sent  to  the  actuator  servos  in  order  to  produce  the  desired 
motion  of  the  vehicle  body.  Most  robotic  platforms  are 
overconstrained,  that  is,  the  number  of  actuators  is  larger 
than  the  number  of  body  degees  of  freedom  to  be  controlled. 
Therefore,  the  system  is  redundant.  Overconstrained  systems 
which  have  closed  loops  require  that  their  actuators  be  force 
controlled.  That  is,  actuator  force  must  be  sensed  and  must  be 
the  primary  feedback  variable. 
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Platform  Degrees  of  Freedom 


Vehicles  move  over'#  surface.  Surface  motion  allows,  at  most, 
three  degrees  of  freedom.  Of  course,  real  vehicle  bodies  move 
with  six  degrees  of  freedom.  However,  it  is  convenient  to  regard 
the  additional  three  degrees  of  freedom  as  being  provided  by  the 
vehicle’s  suspension. 


Controlled  Degrees  of  Freedom 

A 

of  Different  Types  of  Mobile  Platform 


Articulated 

Steering 

Skid 

Steering 

Omni- 

Directional 

Longitudinal 

position 

position 

position 

displacement 

Lateral 

— 

— 

position 

displacement 

Heading 

rate 

position 

position 
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Gail 

* 

A gait  is  a leg  sequencing  rule.  Walking,  running,  trotting, 
galloping  are  gaits.  A variety  of  gaits  may  be  used  by  a walking 
vehicle,  such  as  the  Adaptive  Suspension  Vehicle.  On  reasonably 
smooth  and  level  ground,  the  symmetric  wave  gaits  are  optimal. 
These  are  gaits  in  which  the  legs  of  each  bilateral  pair  operate 
exactly  1 80°  out  of  phase.  The  legs  on  each  side  of  the  vehicle 
operate  at  equal  phase  intervals  in  a rear-to-front  sequence.  For 
crossing  large  obstacles,  a paired  gait  is  used  in  which  the  legs  of 
each  bilateral  pair  operate  in  phase.  The  leg  pairs  are  operated  in 
the  same  rear-to-front  sequence  as  in  a wave  gait. 
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72 
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Figure  3*13:  Gait  stability  margin  of  wave 

gaits  and  backward  wave  gaits. 
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Force  System  Acting  on  Legged  Vehicle 
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Coordination  of  Wheeled  Locomotion  Systems 


V 

Coordination  of  wheeied  locomotion  systems  presents  some 
problems  which  are  similar  to  those  of  legged  systems,  and  some 
which  are  different.  Of  course,  there  is  no  equivalent  of  gait  in  a 
wheeled  system.  However,  the  problem  of  distributing  force 
among  the  actuators  is  important.  It  is  complicated  by  the  wheel 
action,  and  by  suspension  and  steering  geometry.  In 
conventional  vehicles,  the  force  distribution  problem  is  solved 
approximately  by  passive  mechanisms:  differentials.  This 
approach  is  likely  to  be  unsatisfactory  for  agile  vehicles  with  long 
effective  suspension  travel  to  minimize  suspension  saturation. 
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Mobility 


* 


May  be  characterized  by  considering  performance  with 
respect  to  two  terrain  regimes : 


Small  amplitude  terrain  variations 
Large  obstacles 
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* Power  spectral  densities  for  graded  terrain.  Used  to  drive 
analyses  of  conventional  vehicle  dynamics. 

• Some  “random  walk-  amplitude  probability  type  data 
available  (Fort  Eustis  Study). 
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Small  Amplitude  Terrain  Variations 


Suspension  behaves  as  low-pass  filter  removing  high 
frequency  components  of  terrain  variation.  Performance  can  be 
characterized  by  attenuation  of  power  spectral  density  of  terrain 
"signal*.  Yields  good  comparison  between  rolling  and  legged 
systems.  Rolling  suspensions  behave  as  analog  systems.  Legged 
locomotion  systems  behave  as  sampled  data  systems.  The 
filtering  effects  can  be  directly  compared. 

Terrain  data  is  most  usefully  presented  in  the  form  of  power 
spectral  density  versus  wavelength  plots. 
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Terrain  Smoothing 


Terrain  Modification 

* Grading  removes  high  frequency  irregularities.  Allows  use 

of  vehicles  with  short  characteristic  length. 

Locomotion  System  Smoothing 

* Tracked,  and  multiple,  load-sharing  wheeled  vehicles 
average  the  terrain,  effectively  filtering  out  high  frequency 
irregularities. 

* Legged  vehicles  sample  the  terrain  at  discrete  intervals, 
and  so  do  not  see  irregularities  of  wavelength  less  than 
twice  the  stroke. 
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Power  Spectral  Density  of  Body  Motion 


For  continuous  system: 

V yM  = |H(uO|2  Wx(u>) 

where  Wy  is  power  spectral  density  of  resultant  motion,  Wx  is 

power  spectral  density  of  terrain,  H is  impulse  response  of 
suspension. 

For  legged  system: 

Wy(z)  = H(z'1)H(z)Vx(z). 

In  this  case  H(z)  is  determined  by  the  algorithm  used  to  control 
body  displacement  and  attitude. 


3-5-50 


POWER  SPECTRAL  DENSITY 
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Wavelength 


Large  Obstacles 


Passive  suspensions.saturate  after  relatively  modest 
suspension  travel.  Encounters  with  terrain  variations  beyond 
saturation  amplitude  will  usually  result  in  damage  to  vehicle. 
Hence,  such  "obstacles"  must  be  actively  avoided.  Saturation 
amplitudes  of  legged  systems  are  an  order  of  magnitude  larger 
than  those  of  passive  suspensions. 

Past  practice  has  been  to  characterize  large  obstacle 
performance  either  in  terms  of  one  parameter  obstacles,  or  by 
performance  envelopes  requiring  specification  of  the  complete 
vehicle  geometry.  The  former  is  too  limited  for  good  description  of 
performance.  The  latter  requires  too  much  extraneous  detail  to 
be  useful  in  comparative  studies.  A two  parameter  obstacle 
characterization  is  a compromise.  It  is  a natural  characterization 
for  a legged  system,  but  is  less  so  for  passive  suspension  systems. 
Adequate  characterization  of  the  latter  requires  use  of  several 
sub-types  of  obstacle. 

Terrain  data  is  most  useful  in  the  form  of  probabilities  of 
encounter  of  obstacles  of  given  amplitude  in  a random  traverse 
of  specified  length. 
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PROBABILITY  OF  HEIGHT  BEING  EXCEEDED 


Power  Consumption  Mechanisms 


1 Soil  Work 

* 

2 Passive  Suspension  Damping 

3 Active  Suspension  Dynamic  Power  Consumption 

4 Power  Transmission  and  Control  Losses 

5 System  Overhead 
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Specific  Resistance 


W v 


where:  E is  specific  resistance,  P is  power 

consumed,  W is  weight,  v is  velocity. 
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GE  Quadruped 

OSU  Hexapod  — 

Tracked 
Vehicles  ~~ 

Space  General 
Walker  ~ 
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0*01 


Figure  1.9.  Specific  power,  defined  as  the  ratio  of  the  maximum  power  Available 
to  the  gross  weight  of  the  vehicle,  plotted  as  a function  of  its  maximum  speed 
(from  Gabnelli  and  von  Karman  1954) 
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Soil  Wort 


I Leffied  System 


Model  using  flat  plate  sinkage  equation: 


p = kzn 


2_  Wheeled  System 


Model  using  Bekker's  rigid  wheel  model: 


R - 


n + 1 V bk  '\ 
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2n+l 
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Simulated  Loose  Lunar  Soil  SUmHatad  Bwn  iwtLSall 
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Passive  Suspension  Damping 

* 

Increases  inversely  as  square  of  wavelength  for  given 
amplitude.  If,  more  realistically,  amplitude  is  assumed  to  be 
approximately  proportional  to  wavelength  at  small  wavelengths, 
dissipated  power  is  inversely  proportional  to  wavelength. 

This  power  consumption  mechanism  is  important  in  passive 
and  hybrid  suspension  systems.  It  is  not  applicable  to  legged 
systems. 


3-5-67 


Aslive  Suspension  Dynamic  Power 
Consumption 


Actively  Suspended  Wheeled  System 

Power  to  drive  active  suspension.  At  small  wavelengths, 
increases  inversely  as  the  cube  of  wavelength,  for  constant 
amplitude,  or  inversely  as  the  square  of  wavelength  if 
amplitude  is  assumed  to  be  proportional  to  wavelength. 

Legged  System 

Power  to  oscillate  legs.  Can  be  minimized  by  designing 
legs  as  pendula  with  appropriate  natural  frequencies. 
Increases  as  square  of  leg  frequency  at  frequencies 
substantially  above  pendulating  frequency. 
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KINETIC  ENERGY  LOSSES 

. CAUSED  BY  FLUCTUATING  LEG  VELOCITY 

ARMATURE  K.E.  CAN  BE  LARGE  FRACTION  OF 
LEG  K.E.  IN  ELECTRIC  SYSTEM 

TO  RECOVER  LEG  K.E.  ARRANGE  FOR  IT  TO 
BE  STORED  AS  P.E,  THAT  IS,  CREATE 
GRAVITATIONAL  OR  SPRING  OSCILLATOR. 
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GEOMETRIC  WORK 


IN  A GENERAL  LEG  CONFIGURATION,  EACH 
ACTUATOR  DOES  POSITIVE  MECHANICAL  WORK  FOR  ONLY 
PART  OF  THE  MOTION  CYCLE.  FOR  THE  REMAINDER  OF  THE 
CYCLE,  THE  LOADS  DO  WORK  ON  THE  ACTUATOR.  THAT  IS, 
THE  ACTUATOR  IS  "BACK  - DRIVEN"  BY  THE  LOADS. 
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Power  Transmission  and  Control  Losses 


Increase  linearly  with  number  of  actively  controlled 
actuators.  Magnitude  depends  on  type  of  power  transmission  and 
actuation  system  used. 

In  electric  systems,  in  particular,  there  is  a component 
proportional  to  the  power  output  of  the  actuation  system.  This  is 
primarily  due  to  resistive  losses  in  the  actuators,  and  associated 
circuitry. 
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/ 


System  Overhead 


Power  required  to  run  computer,  sensors,  and  other 
equipment  not  associated  with  the  actuation  system.  There  is  also 
usually  an  overhead  associated  with  the  actuation  system.  For  a 
given  system,  this  is  a power  loss  term  which  does  not  vary  with 
the  degree  of  activity. 
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JPL  I MOBILITY  COMPUTER  ANALYSIS 
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JPL  I SCOPE  OF  STUDY  | 


CO 

00 

cvj 


£ 

o 


Q 
D 
I — 
CO 


UJ 

o 

< 

li- 


ce 

D 

CO 


u_ 

o 


O 

<C 

o 


a. 

cl 

< 

LU 

cc 

D 

O 

LU 

CC 


$ 

o 


o 

cc 


I 


LU 

O 

< 

li- 

ce 

D 

CO 

Q 

Z 

< 


o 

LU 

_l 

LU 

CO 

LU 

H 

CO 


LU 

_J 

< 

O 

CO 

o 

cc 

o 

< 


cc 

o 

CL 


< 

Q 


O 


\— 

z 

< 


cc 

o 

CL 


>- 

0 

o 


0 

1 
CL 
CC 

o 


UJ 

o 

< 

Ll- 

CC 

z> 

0 


LL 

O 


UJ 

Q 


ili 


< 


o 

CO 


o 

cc 

o 


o 


CL 

3. 

X 

o 

o 


LL 

o 

* 

cc 

o 

£ 

0 


CO 

X 

Ul 

2 

o 

cc 


O 


CO 

cc 

LU 

I 

h 

o 

a 


< 

cc 
co  M4 


UJ 

2 


UJ 

CQ 


< 

x 


£ 


£ 

_J 

CQ 

o 


2 

5 


3-5-99 


o PROVIDES  FOUNDATION  FOR  STUDY  OF  ROVER  INTERACTION  WITH 
SAMPLE  ACQUISITION  DEVICES 
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1 f SIMULATION  - - PHASE  2 
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ENTIRE  ANALYSIS  DONE  WITH  ONE  DATABASE 
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MARS  ROVER  MISSION  MASS  PERFORMANCE 
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MODELING  FEATURES 
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SPLINES:  CAN  INCLUDE  EXPERIMENTAL  TEST  DATA  OF  DISCRETE  FUNCTIONS 
IN  THE  DATA  SET  TO  DESCRIBE  FORCES  AND  MOTIONS. 
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Systematic  Approach  to  Achieving  Mobility 
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Mobility  Matrix 


Sample  Mobility  Attribute  Tree 
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Effectiveness  Matrix 


Relating  Mobility  to  the  Engineering  Process 
and  Hardware  Terms 
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Propulsion  System  Mobility  Parameters 
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Power  Train 

Engine  Selection  Mobility  Parameters 
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Engine  Selection 


DISTANCE 


Engine  Selection 

250  m Dash  Time  vs  SHP/T 


Transmission  Selection  Mobility  Parameters 
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Vehicle  Performance  Comparison 
Speed  on  Grade/Speed  Ratio  Spread 
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VEHICLE  SPEED  - MPH 


Transmission  Selection 
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VEHICLE  SPEED 


Suspension  System  Mobility  Parameters 
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Trench  crossing:  6 to  9 feet 


Analytical  Performance  Measurement  Criteria 
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SUPPORT  ASSEMBLY  SELECTION 

Performance  Comparison 
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DISTANCE 

VEHDYN  SUSPENSION  PERFORMANCE 


Suspension  Support  Assembly  Selection 
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SUPPORT  ASSEMBLY  SELECTION 


C 

0) 

o 

<5 

Q. 


o 

GL 

O 


(/) 

o 

O CO 
“O  ih; 


o => 

<5  c 

Q.  O 


3-5-131 


% GVW  ON  UPHILL  TRACK 


SUPPORT  ASSEMBLY  SELECTION 

Vehicle  Dynamics  Response  Increased 
Shock  Absorber  Damping 


ACCELERATION 
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SUPPORT  ASSEMBLY  SELECTION 
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SUPPORT  ASSEMBLY  SELECTION 

VEHDYN  Wheel  Travel  Analysis 
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(INCHES) 


Track  System  Mobility  Parameters 
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TRACK  SELECTION 
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WET  SEASON 


Vehicle/System  Constraint  Parameters 
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CS> 


VEHICLE  MOBILITY  CONSTRAINT 

Driver’s  Vision 
(Open  Hatch) 
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VEHICLE  MOBILITY  CONSTRAINT 
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for  GVW  > 60,000  lbs. 


Air  Transport 
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VEHICLE  MOBILITY  CONSTRAINT 

Water  Performance' 
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Summary 
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LUNAR  ROVER  - 

MISSION/PERFORMANCE  SUMMARY 
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LUNAR  ROVER  - 
GENERAL  CONFIGURATION 
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CONTROL 

"Stick"  type  hand  controller 
Two  axel  Ackerman  steering 
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LM/LRV  SUPPORT  TRIPOD 
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LUNAR  ROVER - 

TRACTION  DRIVE  INSTALLATION 
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SECTION  I 


EXECUTIVE  SUMMARY 


The  Local  Guidance  and  Hazard  Avoidance  (LG&HA)  working  group 
consisted  of  representatives  from  academia  (Camegie-Mellon  and  MIT),  industry 
(Martin  Marietta,  General  Dynamics,  FMC,  General  Motors,  Hughes,  and  Advanced 
Decision  Systems)  and  NASA  (JPL,  Ames,  and  Langley).  All  major  mobile  robot 
programs  in  the  U.S.  were  represented,  including  both  the  research  and 
implementation  elements  of  the  DARPA  Autonomous  Land  Vehicle  program  and  the 
Army’s  Automated  Ground  Vehicle  Technology  program.  A private  consultant  and 
noted  mobile  robot  research,  Scott  Harmon,  coordinated  discussion  topics  and 
arranged  keynote  speakers  on  each  of  the  significant  research  issues:  Sensing 

and  Perception,  Planning,  and  Terrain/Vehicle  Modeling  and  Control.  Session 
co-chairmen  were  Takeo  Kanade  of  Carnegie  Mellon  University  and  Brian  Wilcox 
of  JPL. 


SUMMARY  OF  DISCUSSIONS 

In  the  opening  remarks  to  the  working  group,  it  was  suggested  that 
three  numbers  are  key  to  the  design  of  the  Mars  Rover: 

1)  Power  requirements  of  computing  in  watts  per  million 
instructions  per  second  (MIPS) 

2)  Power  requirements  of  mobility  in  watts  per  kilogram  over 
mass  per  meter/sec  of  forward  travel 

3)  Computer  instructions  needed  to  sense  the  terrain,  perceive 
hazards  and  obstacles,  model  the  terrain/vehicle  interaction 
and  plan  a safe  course  for  the  vehicle,  expressed  in  million 
instructions  per  meter  of  forward  travel. 

The  basis  for  the  concern  over  power  was  the  extremely  low 
estimated  power  budget  for  the  vehicle  given  in  the  strawman  scenarios 
provided  at  the  beginning  of  the  workshop — between  250  and  500  watts  for  all 
vehicle  functions,  including  mobility.  This  is  to  be  compared  to  a typical 
autonomous  military  vehicle  testbed,  which  has  a few  tens  of  kilowatts  for 
computing  alone. 

These  three  key  numbers,  plus  the  vehicle  mass  and  power  budget, 
can  be  combined  using  very  simple  algebra  to  give  the  vehicle  speed,  the 
needed  capacity  of  the  on-board  computer  (in  MIPS),  and  the  distribution  of 
power  between  the  computing  and  mobility  subsystems.  Requests  were  immediately 
issued  to  the  Mobility  and  Computing  working  groups  for  estimates  of  the  first 
two  of  these  three  numbers.  A major  goal  of  the  Local  Guidance  and  Hazard 
Avoidance  working  group  was  to  estimate  the  third  number  and  scope  a research 
program  that  would  demonstrate  it  in  a realistic  environment  by  1993. 
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SECTION  2 


INTRODUCTION 


The  Local  Guidance  and  Hazard  Avoidance  working  group  represent 
prominent  autonomous  mobile  robot  projects  in  academia,  industry,  and  NASA 
Members  of  the  group  are  listed  in  Table  2—1.  Issues  addressed  include 
sensing,  perception,  vehicle/terrain  interaction  modeling,  planning,  and 
expectation  generation  and  verification. 


2.1  OBJECTIVES 

The  objective  is  the  Local  Guidance  and  Hazard  Avoidance  working 
group  were  to  identify  the  technology  requirements  allowing  the  determination 
of  conmands  (e.g.,  steering,  speed,  braking,  etc.)  to  the  rover  mobility 
system  which  will  enable  the  rover  to  safely  follow  global  routes  to  the 
science  sites  and  to  the  sample  return  vehicle.  This  requires  that  the  local 
terrain  be  sensed,  such  as  by  stereo  cameras  or  by  laser  scanning,  that  the 
range  data  be  evaluated  (probably  in  light  of  an  existing  topographic  map), 
that  surface  properties  be  determined  (slope,  roughness,  estimated  frictional 
coefficient,  etc.),  and  that  a suitable  path  be  chosen  which  minimizes  vehicle 
some  combination  of  risk,  power,  distance  from  global  route  and  so  on.  From 
this  desired  path  the  mobility  commands  are  generated,  as  are  expectations  for 
the  profiles  of  various  sensors  (inclinometers,  accelerometers,  slip  sensors, 

etc . ) . 


During  the  traverse,  the  expectations  are  compared  to  the  actual 
sensor  readings,  and  excessive  variance  will  result  in  appropriate  replanning 
(or  even  reflex  action  if  necessary).  After  traversing  a modest  distance 
(depending  on  the  type  of  range  sensing  used— approximately  10  meters)  the 
process  repeats.  The  working  group  evaluated  the  sensor  types,  processing  and 
architectural  requirements,  development  issues,  and  likely  capabilities  that 
could  be  expected  by  1993  or  1995.  A strawman  technology  development  plan  was 
produced . 


2.2  APPROACH 

The  available  time  (2  days)  was  divided  into  sessions  on  Sensing 
and  Perception,  Planning,  Programming  and  Computation,  and  Vehicle  Control. 
Introductory  presentations  were  solicited  from  selected  contributors,  and 
discussion  leaders  were  similarly  solicited.  A goal  statement  was  distributed 
to  working  group  members  prior  to  the  workshop,  as  was  a list  of  possible 
discussion  topics.  These  are  also  attached. 
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Table  2-1.  Local  Guidance  and  Hazard  Control  Working  Group  Members 


Dave  Atkinson 
Jet  Propulsion  Laboratory 
Mail  Stop  301-490 
4800  Oak  Grove  Drive 
Pasadena,  CA  91109 

Professor  Rodney  Brooks 
MIT  Artificial  Intelligence  Laboratory 
545  Technology  Square 
Cambridge,  MA  02139 

Andy  Chang 

FMC  Corporation— Central  Engineering  Labs 
1205  Coleman  Ave,  Box  580 
Santa  Clara,  CA  95052 

Peter  Cheeseman 

AAI  Research  Branch,  MS  244-17 
NASA  Ames  Research  Center 
Moffett  Field,  CA  94035 

Dave  Collier 
c/o  Ferenc  Pavlics 
Department  Head-Vehicle  Systems 
General  Motors  Corporation 
6767  Hollister  Avenue 
Goleta,  CA  93117 

Robert  Douglass 

c/o  Roger  Schappell 

Martin  Marietta  Denver  Aerospace 

P.0.  Box  179 

Denver,  CO  80201 

Donald  B.  Gennery 
Jet  Propulsion  Laboratory  M/S  23 
4800  Oak  Grove  Drive 
Pasadena,  CA  91109 

Mike  Goode 
c/o  A1  Meintel 
Mail  Stop  15 2D 

NASA  Langley  Research  Center 
Hampton,  VA  23665-5225 

Scott  Harmon 

Robot  Intelligence  International 

P.0.  Box  7890 

San  Diego,  CA  92107 


818-354-2555 


617-253-5223 


408-289-3757 


FTS  464-6544 


805-961-5251 


303-977-4474 


818-354-9794 


FTS  928-2489 


619-225-0712 
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Table  2-1 . Local  Guidance  and  Hazard  Control  Working  Group  Members 
(Continued ) 


Professor  Takeo  Kanade 
Department  of  Computer  Science 
Carnegie  Mellon  University 
Pittsburg,  PA  15213-3890 

412-268-3016 

Francis  (Skip)  Lunsford 
General  Dynamics  Land  Systems 
Warren,  MI  48090 

313-362-8088 

Hans  Moravec 

Department  of  Computer  Science 
Carnegie  Mellon  University 
Pittsburg,  PA  15213 

412-268-3829 

Dave  Payton 
Hughes  AI  Center 
Suite  2010 
23901  Calabasas  Road 
Calabasas,  CA  91302 

818-702-5276 

Doug  Schapiro 

Advanced  Decision  Systems 

Issues  to  discuss: 

Sensing 

o Stereo  vision  vs.  laser  ranging  vs.  other  (will  have 

stereo  vision  for  controllers  and  scientists  anyway). 

o Proximity-sensor-based  overrides  if  higher-level 

process  goes  haywire. 

o Inclinometers,  accelerometers,  heading  reference,  slip 

sensors,  motor  speed/torque/power/temperature , etc. 

Perception/Understanding 

o Stereo  correlation 

o 2&l/2-d  range  map  to  3-d  inference 

o Surface  reflection  models,  shape-f rom-shading 

o Inference  of  surface  properties  (e.g. , tractive 

coefficient,  sand  vs.  rock  vs.  dust,  etc.) 

o What  resolution  is  needed  at  what  range? 
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Relation  to  Terrain  Map 

o Perspective  to  plan  view  transformation 

o Estimation  of  obstacle  sizes,  surface  slopes 

o Matching  major  features  to  terrain  map 

Vehicle  Mobility  Model 

o Obstacle  climbing  vs*  estimated  tractive  coefficient 

o Grade  climbing  vs.  estimated  tractive  coefficient 

o Transverse  slope  (overturning) 

o Obstacle  climbing — non-square  approach  angle 

o Speed  control  as  rover  approaches  obstacles,  crevasses, 
etc . 

o CG  modifications  by  picking  up  in-situ  materials 
Path  Planning 

o Planning  boundary  conditions 

- How  to  stay  near  global  route  plan 

- How  to  know  what  is  "safe,"  e.g.,  how  to  vary  the 
’’timidity"  of  the  vehicle 

- What  to  optimize — power,  stability,  speed, 
accelerations,  "wear  and  tear" 

Planning  algorithms 

- Go/no-go  vs.  scalar  vs.  vector-valued  optimization 

- A*  and  its  successors 

- Heuristic  vs.  algorithmic  planning 

- How  far  to  plan  before  re-sense  and  re-plan? 

Expectation  Verification  and  Execution  Monitoring 

o How  to  predict  heading,  inclination,  acceleration,  and 
proximity  sensor  profiles? 

o How  much  deviation  is  acceptable?  How  much  resolution 

is  needed? 

o Sensor  fusion — when  are  a few  small  anomalies  equal  to 

one  major  mistake? 
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Anomaly  Recovery 

o Reaction  time 

o Reaction  modes — always  a "stop"  or  sometimes  more 

sophisticated? 

Required  Computational  Resources 

o 10  Megaflop  shared  resource  OK? 

o Custom  VLSI  for  stereo  correlation,  perspective 

transformation,  path  planning,  etc* 

o Special  sensors  (laser  scanner,  light  striper,  etc.) 


SENSORS 


Power 

Ops/Meter 

A 

VLSI? 

Low  Medium 

High 

*Stereo 

106,  10A  pix,  C ? 5x10® 

10???/ pix 

Y 

*20  watts:  1 i 

ea 

Laser  Scan 

0 0 

0 

Y 

Sonar 

107 

1012 

Y 

MM  Wave 

0 102 

Y 

*Motion 

5xl06 

5xl07 

Y 

*Probe 

0 

N 

Odometer 

0 

N 

Inertial  Nav 

0 

N 

*Sensor  Fusion 

105 

107 

N 

Goal  - produce 

reliable  100x100  range  map 

Disclaimer:  Sensor  fusion  to  be  one  at  other  levels  also.  Numbers  may  be 

way  off — especially  sonar.  Sensor  fusion  issue  is  controversial. 
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SECTION  3 


DISCUSSION 


3-1  SENSING  AND  PERCEPTION 

Takeo  Kanade  of  CMU  gave  the  introductory  presentation  on  sensing 
and  perception,  and  Don  Gennery  of  JPL  led  the  discussion.  The  consensus  of 
the  group  was  that  several  sensing  modalities  were  needed  to  reliably  determine 
the  geometry  of  the  terrain,  including  stereo  correlation  (since  it  is  assumed 
there  will  be  stereo  cameras  for  the  benefit  of  scientists  on  Earth  in  any 
event);  at  least  one  of  three  possible  active  sensors  (laser  scanner,  sonar 
phased  array,  and  millimeter  wave  radar);  and  some  sort  of  mechanical  probe 
(which  could  be  used  intermittently  when  conditions  warrant).  These  sensors, 
together  with  an  accurate  heading  reference  unit,  inclinometers,  odometer,  and 
articulation  sensors  (particularly  on  the  pointing  platform  where  the  vision 
and  ranging  sensors  are  located)  provide  the  raw  data  for  planning  a safe  path 
for  the  vehicle. 

A vigorous  discussion  of  sensor  fusion  took  place.  One  group  (Rod 
Brooks  of  MIT  and  Takeo  Kanade  of  CMU)  maintained  that  it  was  not  appropriate 
to  fuse  the  various  sensor  data  into  a single  range  map  which  would  then  be 
used  by  the  vehicle/terrain  interaction  modeling  and  path  planning  algorithms. 
Rather,  the  various  sensor  data  should  be  used  by  those  algorithms  only  at  the 
appropriate  points  dictated  by  the  particular  algorithms.  Another  group  (Peter 
Cheeseman  of  NAS  Ames,  Hans  Moravec  of  CMU,  and  Don  Gennery  of  JPL)  felt  that 
it  was  entirely  reasonable  to  use  statistical  techniques  to  combine  the  various 
data  at  this  point  to  produce  an  integrated  "best  estimate"  range  map  of  the 
terrain.  It  was  suggested  that  a 100x100  range  map,  subtending  about  1 radian 
and  extending  to  some  30  m in  range  could  be  about  right.  No  resolution  of 
this  issue  resulted,  and  it  was  generally  agreed  that  both  approaches  had 
merit  and  should  be  investigated  further.  It  was  felt  that  estimation  of 
surface  properties  (frictional  coefficient,  sand  vs.  rock,  etc.)  was  probably 
too  ambitious  for  a *92  technology  freeze,  but  might  be  provided  by  humans  on 
the  ground  as  part  of  the  global  route  plan  derived  from  orbital  imagery. 

It  was  estimated  that  the  total  processing  requirements  for  sensing 
and  perception  on  the  Mars  Rover  ranged  from  a few  million  instructions  per  m 
to  500  million  instructions  per  m.  A caveat  in  this  estimate  concerns  sonar 
phased  arrays.  A two-dimensional  phased  array  might  require  as  many  as  a 
trillion  instructions  to  form  a range  map.  (Members  of  the  working  group  had 
experience  only  with  one-dimensional  phased  arrays,  which  were  not  deemed 
adequate  for  the  complex  Martian  terrain).  Also  the  effect  of  the  thin  Martian 
atmosphere  on  sonic  propagation  and  attenuation  as  not  known  by  members  of  the 
group — it  was  assumed  that  appropriate  impedance-matching  elements  would  allow 
sonar  to  work.  However,  it  was  generally  agreed  that  special-purpose  hardware 
might  allow  the  processing  of  sonar  maps,  the  correlation  of  stereo  images,  and 
other  needed  computations  without  excessive  power  consumption.  It  was  also 
agreed  that  the  development  of  an  appropriate  laser  scanner  was  essential 
(although  suitable  scanners  for  research  purposes  are  manufactured  by  at  least 
three  vendors,  some  with  flight  qualification  experience). 
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3.2 


PLANNING 


Hans  Moravec  of  CMU  gave  the  introductory  presentation  on  Planning, 
and  Peter  Cheeseman  of  NAS  Ames  led  the  discussion. 

There  was  general  agreement  that  several  attractive  planning 
approaches  and  algorithms  exist,  and  that  there  is  little  risk  in  demonstrating 
these  elements  of  the  LG&HA  subsystem  by  late  *92  following  an  appropriate 
research  and  integration  effort. 

There  was  general  agreement  that  the  possibility  of  acquiring  a 
terrain  data  base  of  the  areas  of  Mars  that  are  to  be  explored  should  be 
exercised  if  at  all  possible.  This  would  require  an  imaging  orbiter  in  a low 
or  highly  elliptical  orbit  capable  of  acquiring  stereo  images  at  a few  meters 
resolution.  Due  to  the  Viking  experience  of  frequent  ground  fog,  dust  storms, 
and  other  atmospheric  attenuation,  it  was  also  generally  agreed  that  this 
orbiter  should  be  launched  at  some  prior  opportunity  to  avoid  excessive  delays 
in  getting  quality  pictures  of  the  operating  area.  It  was  also  pointed  out 
that  it  is  an  enormous  task  to  prepare  a high-quality  terrain  data  base  at  the 
resolution  desired  for  this  mission,  which  is  another  reason  for  making  the 
orbiter  a precursor  mission.  A strong  majority  of  the  group  felt  that  it 
would  be  impossible  to  convince  a project  manager  that  long  traversals  could 
be  performed  with  acceptable  risk  without  first  having  a high-resolution 
(about  3 m)  terrain  data  base  of  the  area  of  operations. 

A number  of  open  issues  were  identified  in  planning.  These  include 
replanning  after  local  failure,  backtracking,  risk  assessment  of  a tentative 
planned  path,  reactive  planning  in  the  event  of  slippage,  opportunism,  planning 
representation,  optimality  (or  acceptability)  criteria — risk,  power,  speed, 
etc.,  representing  and  dealing  with  uncertainty,  hybrid  planning  (global  and 
local),  the  level  of  task  specifications  from  Earth,  and  to  what  degree  the 
Local  Guidance  and  Hazard  Avoidance  subsystem  will  be  involved  in  planning 
sample  retrievals. 

Total  computer  instructions  per  meter  for  planning  were  felt  to  lie 
perhaps  an  order  of  magnitude  down  from  the  high  end  of  the  Sensing  and 
Perception  subsystem  requirements.  Thus  a few  tens  of  millions  of  operations 
per  meter  would  be  adequate  for  path  planning.  It  was  suggested  that,  like 
sensing  and  perception,  some  major  computationally-intensive  aspects  of 
planning  could  benefit  from  the  use  of  custom  VLSI  or  other  special  hardware. 


3.3  PROGRAMMING  AND  COMPUTATION 

Scott  Harmon  of  Robot  Intelligence  International  gave  the 
introductory  presentation  on  Programming  and  Computation,  and  Rod  Brooks  of 
MIT  led  the  discussion. 

A discussion  of  languages,  operating  systems,  and  development 
environments  revealed  that  the  dominant  development  languages  are  C and  LISP, 
the  dominant  operating  system  is  Unix,  and  the  most  popular  development 
environment  is  the  68020/VME -bus -based  Sun  workstation.  However,  there  were 
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significant  differences  between  all  the  mobile  robot  development  environments 
represented,  to  the  point  where  there  is  little  software  portability  at  the 
object  code  level,  even  where  two  organizations  are  working  on  the  same 
project  (e.g.,  DARPA  ALV).  It  was  generally  agreed  that  no  language  or 
development  environment  standard  be  imposed  during  the  development  of  a 
breadboard  demonstration  of  a Local  Guidance  and  Hazard  Avoidance  system. 

There  was  also  a vigorous  discussion  of  the  issue  of  software 
verification.  Some  members  of  the  group  felt  that  the  technology  of  software 
verification  (a  verification  that  a particular  code  in  fact  represents  the 
desired  algorithm)  is  to  the  point  where  it  can  make  a significant 
contribution  over  normal  software  development  procedures.  Others  felt  its 
applicability  to  a complex  system  like  this  were  very  limited. 

Other  topics  addressed  during  this  portion  of  the  discussion  were 
fault  tolerance,  software  development  and  debugging  tools,  the  usefulness  of 
simulations,  the  requirements  imposed  on  the  on— board  operating  system,  and 
graceful  degradation. 

The  Mobility  working  group  apparently  had  heated  discussions 
estimating  the  typical  power  requirements  for  the  vehicle  mobility  system  on 
Martian  terrain.  A first  estimate  of  2 to  20  watts  per  kg  per  meter  per 
second  was  provided,  later  reduced  to  1 to  10,  and  finally  revised  to  be  .6  to 
8 (coresponding  to  an  effective  frictional  coefficient  of  0.15  to  2). 

These  three  sets  of  estimates  for  the  three  key  numbers  give  the 
results  below  (where  the  logarithmic  mean  for  the  high  and  low  estimates  is 
used  for  the  moderate  value:  6 for  Computing,  2 for  Mobility,  and  150  for 

LG&HA) . 


1000  Kg  Rover  with  500  Watt  Power  Supply 


Case 

Average  Rover 
Speed 

Power 

Distribution 

Computer 

Performance 

Worst 

Case 

4 cm /sec 

67%  Mobility 
33%  Computation 

20  MIPS 

Moderate 

Case 

17  cm/sec 

69%  Mobility 
31%  Computation 

25  MIPS 

Best 

Case 

62  cm/sec 

75%  Mobility 
25%  Computation 

30  MIPS 

Nominal  Mobility 
Worst  Computing 
Worst  LG&HA 

8 cm/sec 

33%  Mobility 
67%  Computation 

40  MIPS 
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It  was  the  general  consensus  of  the  group  that  the  alternative  to 
autonomous  local  guidance  and  hazard  avoidance  (Earth-based  path  designation, 
where  a human  on  Earth  views  wide-baseline  stereo  images  and  designates  an 
extended  path  for  the  rover)  would  not  be  safe  for  designated  paths  in  excess 
of  about  30  m.  Given  the  roughly  1-hour  turnaround  for  these  commands  due  to 
the  long  speed-of-light  delay,  this  results  in  a rover  speed  of  just  under 
1 cm/sec.  Thus  even  the  worst-case  estimates  for  all  three  of  the  key  numbers 
results  in  an  average  rover  speed  about  6 times  that  which  can  be  achieved 
through  Earth— based  path  designation  (and  in  addition  a greatly  simplifies  the 
mission  operations). 

All  of  the  power  distribution  and  computer  performance  numbers  are 
disturbing.  One  would  normally  expect  most  of  the  power  to  go  to  the  mobility 
subsystem  during  long  traverses.  However,  in  the  historically  justified  case 
of  conservative  estimates  for  computer  and  software  performance,  and  with  a 
nominal  mobility  figure,  up  to  75%  of  the  power  goes  to  computing,  and  it  is 
envisioned  that  a computer  with  up  to  AO  MIPS  performance  would  be  used.  This 
is  at  least  100  times  the  performance  of  any  computer  that  has  heretofore  been 
used  on  a planetary  spacecraft.  These  figures  make  the  use  of  custom  VLSI  or 
special  computational  hardware  (such  as  a Single-Instruction,  Multiple  Data 
processor  array)  very  attractive  in  performing  the  necessary  computations 
using  significantly  less  power. 


3.4  VEHICLE  CONTROL 

Bob  Douglass  of  Martin  Marietta  gave  the  introductory  presentation 
on  Vehicle  Control,  and  Andy  Chang  of  FMC  led  the  discussion. 

Bob  Douglass  partitioned  the  problem  into  three  sensor/perception 
systems:  visual  perception,  vestibular  perception  (orientation,  acceleration, 

etc.)  and  proprioceptive  perception  (articulation  sensing  and  vehicle  3-D 
modeling  of  itself).  There  was  some  discussion  of  how  much  proprioceptive 
sensing  will  be  needed — it  depends  a lot  on  the  type  of  vehicle  selected 
(legged  vs.  wheeled,  rigid  chassis  vs.  articulated)  but  also  depends  on  how 
tightly  one  is  going  to  try  to  maneuver  the  vehicle.  It  was  generally  agreed 
that  the  vehicle  needs,  at  a minimum,  a 3-D  representation  of  the  local 
environment,  some  estimates  (perhaps  constant,  perhaps  given  from  Earth  as 
part  of  the  global  route  plan,  and  perhaps  sensed  by  the  vehicle)  of  the 
surface  friction,  load-bearing  capability,  etc.,  some  stability  model  of  the 
vehicle,  and  some  way  to  generate  and  verify  expectations  about  the  path 
execution.  Also  discussed  as  part  of  this  session  were  reflex  responses  and 
error  detection,  diagnosis,  and  recovery. 

It  was  estimated  that  the  total  experience  with  autonomous  mobile 
robots  in  natural  terrain  was  on  the  order  of  5 km.  However,  extensive 
simulations  of  vehicles  on  rough  terrain  have  been  conducted  and  results  are 
very  promising.  As  a result,  it  was  generally  agreed  that,  with  the  exception 
of  vehicle  reflex  action  to  unexpected  dynamic  factors  (e.g.,  slipping  on  a 
sand  dune),  that  several  approaches  and  algorithms  exist  which  could  be 
integrated  relatively  quickly  in  a technology  demonstration.  As  with  planning, 
it  was  felt  that  a few  tens  of  millions  of  operations  per  meter  would  be 
adequate  to  model  the  terrain/vehicle  interaction  for  use  by  the  path  planner. 
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SECTION  4 


SUMMARY  AND  CONCLUSIONS 


Based  on  the  Vehicle  Control  (3.4)  discussion,  it  was  generally 
agreed  that  between  50  and  500  million  computer  instructions  will  need  to  be 
performed  for  each  meter  of  safe  travel  by  the  Mars  Rover.  The  lower  figure 
is  roughly  equally  divided  among  Sensing  and  Perception,  Planning,  and  Terrain/ 
Vehicle  Interaction  Modeling,  while  the  upper  figure  is  dominated  by  Sensing 
and  Perception,  principally  stereo  correlation.  (It  was  also  generally  agreed 
that  additional  computation  could  be  used  almost  without  limit,  but  that  these 
estimated  values  would  permit  sufficiently  low  risk  that  the  mission  would  not 
be  compromised.) 

The  Computation  and  Task  Planning  working  group  estimated  that  a 
radiation-hardened,  flight-qualified,  general-purpose  multiprocessor  could  be 
configured  with  3 to  5 MIPS  performance  for  20  to  25  watts  power  consumption, 
complete  with  its  necessary  I/O  and  memory.  This  translates  into  4 to  8 W per 
MIPS. 


The  Local  Guidance  and  Hazard  Avoidance  working  group  adopt  the 
following  two  conclusions: 


Conclusion  #1: 

A local  guidance  and  hazard  avoidance  subsystem  can  be  developed 
which  will  allow  traverse  distances  substantially  greater  than  earth-based 
path  designation. 

It  was  mentioned  at  various  points  in  the  deliberations  that, 
although  the  cost  of  such  a development  is  not  insignificant,  the  risk  of 
being  able  to  accomplish  this  objective  is  not  overly  large.  A huge  base  of 
past  work,  primarily  funded  by  the  Department  of  Defense,  together  with  the 
existence  of  several  vehicle  test  beds,  has  uncovered  the  major  deficiencies 
that  plagued  the  wildly  optimistic  efforts  of  the  past.  It  was  generally 
agreed  that  this  effort  could  be  undertaken  with  the  expectation  of  success. 


Conclusion  # 2: 

The  local  guidance  and  hazard  avoidance  problem  is  characterized  by: 

1.  Very  rough  terrain 

2.  The  possibility  of  strong  a priori  knowledge  (e.g.,  3-m 

terrain  data  base) 

3.  A requirement  for  extreme  reliability 

4.  Computing  resources  which  are  very  constrained. 
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Recommendations : 


The  above  conclusions  led  to  the  following  recommendations  being 
accepted  by  the  group: 


Recommendation  #1: 

A 3-m  terrain  data  base  should  be  developed  for  the  exploration 
areas,  preferably  prior  to  the  rover  arrival  at  Mars. 

It  was  noted  in  the  discussion  of  this  recommendation  that  a 30  cm 
aperture  camera  in  a low  or  highly  elliptical  orbit  around  Mars  could  achieve 
this  objective  (with  an  appropriate  pointing  platform,  focal  plane  sensor, 
data  and  communication  subsystems).  This  camera,  smaller  than  the  one  on  Mars 
Observer,  need  not  require  a highly  expensive  spacecraft. 


Recommendation  # 2: 

Local  guidance  and  hazard  avoidance  subsystem  elements  and 
integration  approaches  should  be  tested  in  realistic  environments  starting  as 
soon  as  possible  (Oct  *87): 

o Thousands  of  km  of  testing  are  needed  by  *93 

o Multiple  plausible  approaches  exist;  several  integration 

efforts  must  proceed  in  parallel. 

During  the  discussion  of  this  recommendation,  it  was  mentioned  that 
a number  of  test  bed  vehicles  exist  today,  and  that  the  creation  of  Mars-like 
terrain  of  sand  and  boulders  could  be  accomplished  very  quickly  were  there  a 
will  to  do  so.  Furthermore,  these  vehicles  in  most  cases  represent  very 
different,  but  also  very  credible,  approaches  to  the  safe  guidance  of  a mobile 
robot.  Lastly,  if  the  vehicle  is  to  traverse  safely  many  tens  or  hundreds  of 
km  on  Mars,  it  seems  appropriate  that  an  order  of  magnitude  or  two  of 
additional  testing  should  occur  on  Earth.  At  the  speeds  these  vehicles 
operate,  that  will  take  a long  time. 


Recommendation  #3: 

Research  and  development  in  the  following  areas  are  crucial  and 
should  begin  immediately. 

o Sensors  (e.g.,  laser  scanner) 

o Perceptual  and  planning  algorithms 

o Reflex  and  error  recovery  algorithms 

o Special-purpose  computing  hardware  (e.g.,  custom  VLSI)  for 

higher  performance  per  watt). 
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It  was  agreed  by  a (small)  majority  that  the  single  most  attractive 
sensing  modality  for  Mars  Rover  is  laser  scanning.  Scanners  adequate  for 
immediate  research  are  manufactured  by  several  companies  (and  a number  of  the 
mobile  robot  research  efforts  represented  in  the  working  group  already  have 
them),  but  the  specific  character  of  these  devices  is  not  optimized  for  the 
needs  of  Mars  Rover.  Ultimately,  a low-power,  compact,  and  rugged  unit  with 
f ew-centimeter  accuracy  over  ranges  from  0 to  30  m,  able  to  scan  about  .5x1 
radian  with  a few  tens  of  thousands  of  measurements  in  a few  seconds  or  less 
is  needed.  Current  devices  have  more  performance  than  needed  (such  as  speed) 
but  resolution,  range,  and  power  are  not  optimal  for  this  application.  It  as 
generally  agreed  that  it  would  also  be  desirable  if  this  scanner  could  be 
focused  on  a distant  (few  km)  site  for  a longer  time  to  get  point  ranges,  but 
this  may  not  be  feasible. 

It  was  also  generally  agreed  that  the  rover  must  have  more  than  one 
way  of  sensing  range  to  the  terrain — a large  group  favored  stereo  correlation 
and  a significant  minority  felt  sonar  phased  arrays  or  millimeter  wave  radars 
have  attractive  properties.  All  of  these  can  benefit  greatly  from  custom 
hardware  developments. 


Recommendation  #4: 

Unmanned  rovers  are  essential  to  solar  system  exploration:  a 

long-term  research  and  development  program  should  be  supported. 

It  was  mentioned,  particulary  by  the  academic  participants,  that  an 
on-again,  off -again  program  of  near-term  demonstration-oriented  research  was 
very  shortsighted  as  well  as  disruptive  to  the  nation's  system  of  graduate 
education.  Although  this  mode  of  operation  has  become  the  norm,  not  the 
exception,  in  government-funded  research,  there  was  a strong  feeling  that  the 
case  of  planetary  rovers  might  be  a way  to  break  out  of  the  mold*  It  had  been 
pointed  out  in  the  opening  plenary  session  that  the  Sally  Ride  commission  had 
proposed  four  "bold  new  initiatives,"  three  of  which  began  with  unmanned 
surface  rovers.  It  was  self-evident  that  Mercury,  the  moons  of  Jupiter  and 
Saturn,  and  the  other  solid  bodies  of  the  solar  system  will  have  surface 
rovers  long  before  humans  set  foot  on  them.  Thus  it  makes  sense  to  develop 
the  technology  for  highly  capable  rovers  that  can  operate  effectively  even 
with  speed-of-light  time  delays  of  many  hours,  or  with  communication 
obscurations  of  days  or  weeks. 


Schedule  and  Budget  Recommendations 

In  the  schedule  and  budget  recommendations  of  the  working  group, 
four  activities  are  called  out: 

1.  Use  existing  autonomous  vehicle  test  beds  in  Mars-like 
terrain  to  understand  the  problem 

2.  Develop  new  sensors  and  computing  hardware 
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3.  Develop  algorithms 

4.  Develop  and  integrate  the  test  bed  vehicle 

In  the  first  year  (FY  ’88),  task  1 begins  as  soon  as  possible. 

This  will  allow  the  elucidation  of  the  problems  particular  to  the  Mars  Rover. 
Much  of  the  current  work  is  on  terrestrial-unique  problems  such  as  vegetation 
typing,  hydrology  recognition  (water  or  mud),  etc.  There  is  little 
concentration  concerning  the  safe  guidance  of  real  autonomous  vehicle  test 
beds  in  rough  terrain  littered  with  boulders. 

It  is  assumed  that  the  funding  level  for  FY  *88  represents  a modest 
ramp-up  for  this  program,  since  it  would  be  FY  f89  before  Congress  and  NASA 
are  able  to  allocate  significant  preproject  funds.  It  is  felt,  however,  that 
$5M  would  allow  a significant  head  start  in  defining  the  key  sensor,  algorithm, 
and  integration  issues  through  the  use  of  existing  testbeds  in  simulated 
Martian  terrain. 

The  remaining  tasks  begin  in  FY  '89,  when  a significant  preproject 
research  budget  is  assumed  to  be  available.  The  second  task,  to  define  what 
portions  of  the  sensing  and  processing  can  be  embodied  in  special  hardware, 
will  begin  working  with  some  of  the  more  well-established  sensor  modalities 
(such  as  laser  scanners)  and  algorithms  (such  as  stereo  correlation).  Later 
work  will  incorporate  other  sensor  modalities  and  algorithms  as  they  mature. 

The  third  task,  algorithm  development,  will  use  the  existing  test  bed  vehicles 
to  define,  enhance,  integrate,  and  optimize  algorithms  for  all  phases  of 
sensing,  perception,  vehicle/ terrain  interaction  modeling,  and  planning. 

Laser,  these  algorithms  will  be  delivered  and  integrated  into  the  more 
realistic  test  bed  vehicles  developed  under  task  4.  This  task  will  design  and 
fabricate  vehicles  with  the  mobility  and  size  characteristics  of  the  real  Mars 
Rover  that  can  be  dedicated  to  thousands  of  km  of  testing  in  desert  terrain, 
and  later  in  the  dry  valleys  of  Antarctica. 

There  was  considerable  frank  discussion  over  the  scale  of  the 
effort  required  to  accomplish  the  goal  of  demonstrating,  to  the  satisfaction 
of  a highly  conservative  flight  management  team,  an  adequate  local  guidance 
and  hazard  avoidance  capability  that  would  convince.  The  final  program 
recommended  is  $120M  between  1988  and  1992,  with  an  ongoing  program  of  $25M 
per  year  after  that  for  unmanned  planetary  rover  research.  Some  felt  that 
this  figure  would  be  assumed  to  have  padding  in  it,  and  that  the  activity 
would  go  forward  with  lesser  funding  and  the  same  goals.  There  was  virtually 
unanimous  agreement  that  this  would  fail.  Represented  in  the  group  were 
several  senior  managers  of  autonomous  vehicle  programs  for  military 
contractors,  and  they  felt  that  the  $120M  figure  was  realistic  without  any 
contingency.  There  was  general  agreement  that  contingency  would  not  be  added 
to  the  final  estimates  of  the  group  (so  as  to  give  NASA  planners  our  "best 
estimate")  but  that  the  lack  thereof  should  be  clearly  stated. 

In  summary,  the  group  consensus  was  that  this  was  a do-able  job  on 
the  proposed  schedule,  given  the  resources  identified.  There  was  agreement  on 
the  need  to  make  proper  use  of  FY  f88  if  a FY  *93  technology  freeze  is  to  be 
achieved.  Lastly,  there  was  agreement  that  a precursor  orbiter  with  the 
appropriate  (and  even  modest)  imaging  system  on  board  be  planned  as  part  of 
the  mission. 
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SECTION  5 


PRESENTED  MATERIALS 
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SEMIAUTONOMOUS  OPERATION  OF  MARS  ROVER 


EXAMPLE  OF  SEMIAUTONOMOUS  OPERATION  OF  MARS  ROVER 


Area  mapped  from  orbiter 


Portion  of  map  sent  to  rover 


„ _ Path  designated  manually 
Revised  path  used  by  rover 

o Approximate  area  accurately  visible  to  rover  at  one  time 
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RANGES  FOR  ACCURATE  STEREO  AND  PLANNING 
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be  taken  and  the  route  replanned  about  every  1 0 m. 
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PLANNING  ISSUES 


Replanning  after  local  failure 
Degree  of  backtracking  allowed 
Risk  assessment 
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Opportunism:  go  back  & take  opportunity,  see  area  unknown 
Planning  Representation 
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GENERAL  DESIGN  ISSUES 


c 

o 


£ 

4* 

c 

3IA 

■H 

■4* 

TS 

4*  C 

h 

U 01 

o 

^ e 

o 

S.O 

a>  a 

o 

4*  £ 

£ 

c o 

0) 

1 

•M  (J 

Ml 

44 

< = 

A 

z 

X Of 

V) 

o 

*4* 

H 

VI 

34* 

H 

W Vl 

in 

a> 

U 

<,o 

x 

5 Of 

Vl 

ox 

(J-rH 

x 

,54* 

H 

VI  o 

H 

4*  41 

44 

2 a> 

fl'S 

> 

ox 

•S  o 

W» 

3£ 

4-5-27 


W 

c 

o 


u 


Vl 


Ai4h 

•e  oi 

VI 

S3 


m 

vi 

>o 


PiW 

O'H 

Sai 

ft 

4* 

53 


GENERAL  DESIGN  ISSUES 


in 

z 

04 


W eg 


3t 

99 

Vl 

C 

in 

-2 

■ M 

04 

04 

3 

+» 

c 

V) 

1 

3 

c 

3 

A 

ts 

59 

Vl 

fH 

o 

04 

>rt 

3 

o 

in 

O 

x 

o 

04 

£ 

w 

1 

b 

A 

O 

c 

h 

c 

& 

£ 

e 

o 

£ 

59 

04 

3 

C 

+>  c 

3 

x 

■H 

in  o 

< 

Vl 

u 

4* 

SrH 

ai  in 

04  04 

«m  in 

W4* 

04 

3«h 

30 

■p4»4 

* 

_| 

■H  If 

X O 

xo 

& 

•rtp 

+>«*i 

(A  O 

04*1-1 

«? 

c« 

Ob 

0 

■H 

JS'g 

04  04 

TS+» 

u rt 

<m4* 

rt  o 

£b 

01 

Of  & 

«H  C 

Ob 

O 04 

X 

HH 

WH 

U> 

4-5-28 


o 

U1 

c 

«H 

ft 

■1-4 

VI 

3 

•+* 

3 

A 

fcr* 

IA 

o 

Si 

<45 

+> 

•ri 

ft 

£ 

O 

O^ 

C 

4* 

o 

(h 

z 

,0*0 

A 

c 

o 

vC 

o 

ft 

«e 

o 

(A 

H 

■lH 

ft 

Si 

+> 

C 

CA 

Vl£ 

1 V 

ri 

c 

3 

e 

< 

< 

m o 

£ 

o 

ri 

■H 

o 

H 

cjjj 

SK 

6ft 

C 

+> 

«H 

4* 

Si 

+> 

ri 

h 

3 a 

•p4 

o 

ri 

o 

p>m 

H 

5$ 

&J 

W 

o 

<H 

3 

> 

era 

K 

•H 

£90 

4 c 

3 

+* 

«H 

bo 

■n  c 

> 

© 

h ri 

,0 

C 

iri 

c 

U1*n 

iJ 

ft 

ri 

Si 

■ M 

g ■_ 

© 

9&+> 

ra 

Si 

ft 

Cm 

ra  w 

z 

c c 

ft 

3 W 

o 

ft  ft 

z 

X 

■rt  Q| 

4* 

ft 

o 

W+* 

HO 

o 

e 

e 

ft  3 

Si 

ri 

xz 

u 

z £■ 

ft  w 

+> 

Si  O' 

5.W 

J34* 

XH 

H 

4 o 

■rtH 

ri-rt 

4*£ 

1 3h 

SQ 

h”"" 

O D 

5 c 

ft  ft 

A ft 

RQ 

K 

QQft 

•P4  o 

i 1 1 > 

+>  U 

03 

© 

e 3 

3 

<mO 

-H  W 

&c 

opi 

ra 

Si  « 

«M 

ri 

Oft 

3 3 

ri  o 

KM 

Pkft 

< 

z 

ft<S 

«M 

w+> 

,0  W 

wo 

4-5-29 
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NEEDED  PROGRAMMING  CAPABILITIES 
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MAJOR  TECHNOLOGY  DEFICIENCIES 
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REQUIRED  CAPABILITIES 
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LOCAL  GUIDANCE:  DESCRIBING  THE  TERRAIN 


DESCRIPTION  AS  3-D  SURFACES 
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EXTRACTING  RANGE  IMAGES 
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-power  requirements 
-areas  of  no  return 


PROCESSING  POWER 
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Close  Coupling  Between  Custom,  Parallel,  General 


LOCAL  PATH  PLANNER 
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Surface  Typing 
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MOTION  FEEDBACK  - PATH  EXECUTION 
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LOCAL  ORIENTATION  & POSITION 
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HAZARD  DETECTION  & AVOIDANCE  REQUIREMENTS 
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DETECTING  HAZARDS/OBSTACLES 
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DESCRIBING  HAZARDS 
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CONCLUSIONS 
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4.  Synchronous/Asynchronous  System  Architecture 
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APPENDIX  A 


TECH  PLANNING  WORKSHEETS 


Sensors  for  Local  Guidance 
A.  Chang 

Description: 

1.  Multiple  sensors:  camera  plus  sonar  or  camera  and  laser 

range  sensor. 

2.  Electronically  scannable  laser  range  sensor. 

D.  Gennery 

Description : 

Vehicle  should  have  stereo  cameras  and  scanning  3D  range  finder 
(laser  or  sonar). 


Anonymous 

Description: 

Should  investigate  (i.e.,  fund)  millimeter  scale  radar  for  local 
navigation  and  for  geological  information  inside  rocks  (ground). 
Note  that  with  radar  seeing  through  objects,  will  not  have  the 
occlusion  problem. 


Planning  Tech 
Anonymous 

Description: 

Reactive  mechanisms  for  navigation  (moving  so  as  to  keep  2 rocks  in 
view  track,  landmark  following).  Highly  reactive  control  from, 
proprioceptors  (steering  into  skids).  "Reactions"  for  supporting 
occasional  complete  autonomy  (in  terrain  shadowing  of  common  - 
moving  to  acquire  comm  while  not  interfering  with  path.  Less 
efficient  strategies  for  negotiating  all  obstacles.) 


Certainty  Grids  for  Sensor  Fusion 
Hans  Mo rave c 

Keywords : 

Sensor  Fusion,  Spatial  Modeling,  Sensing,  Planning 
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Related  Technologies: 


Stereo  Vision,  Sonar,  Laser  Range  Finding,  Proximity  Detection 
Description; 

Certainty  grids  are  a finite-element  representation  of  spatial 
knowledge,  incorporating  data  from  various  sensors,  explicitly 
representing  error  distributions  in  measurements,  and  combining 
multiple  measurements  for  precise  inferences.  The  representation 
is  good  for  collecting  data  and  for  planning. 

Status : 

Single  sensor  versions  have  been  demonstrated  since  1982  at  the  CMU 
Mobile  Robot  Lab,  with  sonar  and  stereo  vision. 

Programs/Expertise : 

CMU  Mobile  Robot  Lab/Stereo  Navigation,  Sonar  Navigation,  Grid 
representations . 

MRSR  Mission  Drivers: 

Local  navigation  and  hazard  avoidance. 

MRSR  Application  Issues: 

Calculation  in  certainty  grids  are  well  suited  for  array  processors. 
Miles tones /Comments 

1988:  First  demonstration  of  dual  sensor  grid  maps  - stereo/sonar. 

1989:  Simple  environment.  Navigation  with  two  or  more  sensors. 

1990:  First  rough  terrain  experiments. 

1991:  Additional  rough  terrain  experience. 


Autonomous  Navigation  (cross  country) 
A.  Chang 

Description: 


Need  to  demonstrate  autonomous  navigation  cross-country  on  earth 
before  Mars  launch  of  rover.  This  allows  for  a thorough  checkout 
of  the  entire  MRSR  for  the  rover. 

Status : 


FMC  has  already  demonstrated  (in  1985)  cross-country  autonomous 
navigation  at  Camp  Roberts,  CA.  This  was  done  in  very  benign(?) 
terrain. 
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Sonar  Study  for  Mars  Rover  Applications 


A.  Chang 

Description: 


Determine  Mars  atmospherics  effects  on  sonar 
Determine  specification  for  sonar 
- Design  sonar 

Develop  computing  algorithms 

Develop  VLSI  computing  hardware  for  sonar  image  processing 
Verify,  test  and  demonstrate  design. 


Status : 

Two  sonar  imaging  sensors  have  already  been  developed  at  FMC  for 
autonomous  navigation. 


Sensor  Fusion 


A.  Chang 

Description: 

1.  Fuse  vision  and  sonar  for  autonomous  navigation,  e.g.,  sonar  has  no 
problem  differentiating  a rock  from  its  shadow,  while  vision  has 
problems  in  dealing  with  shadows. 

2.  Fuse  vision  with  flexible  probes. 

3.  Fuse  vision  with  laser  ranger. 


Planning  Algorithms 
A*  Chang 

Description: 

Implement  planning  algorithms  in  VLSI.  These  should  be  the  (??) 
generic  and  general  purpose  algorithms  (e.g.,  dynamic  programming). 

Status: 

This  effort  has  been  initiated  at  FMC  and  it  is  expected  that  gate 
array  version  of  specialized  hardware  will  be  available  by  year  end 
(1987). 
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Vision/ Image  Understanding 
A . Chang 


Description: 

Demonstrate  on  a real  vehicle,  e.g.,  FMC's  autonomous  M113, 
landmark  recognition  and  location  to  verify  position  of  autonomous 
vehicle  (INS  accuracy,  etc.)  for  autonomous  navigation. 

Status : 

Demonstration  of  landmark  recognition  and  terrain  typing  have 
already  been  performed  in  the  lab  at  FMC. 


Scanning  Laser  Radar  (non-mechanical  scanner) 

Anonymous 

Keywords : 

Range  Map,  Scanning  laser  radar,  Non-mechanical  scanner 
Related  Technologies: 

Stereo  vision,  millimeter  wave  radar,  structured  light. 

Description: 

State  of  the  art  scanning  laser  radar  allows  realtime  (4  Hz) 
acquisition  of  256x256  range  maps  with  each  pixel  containing 
absolute  range  data  at  a resolution  of  4 mm.  The  maximum  range 
capability  can  be  as  high  as  30  m with  depths  of  range  of  10  m, 
including  the  near  contact  to  10  m range.  The  primary  advantage  of 
using  scanning  laser  radar  is  that  the  acquired  range  map  is 
inherently  three  dimensional,  thereby  alleviating  the  need  for 
extensive  30  derivation  computations.  A major  disadvantage  of  laser 
radars  is  the  amount  of  power  required  to  operate  them.  A large 
proportion  of  this  power  is  consumed  by  mechanical  scanners. 
Currently,  there  are  no  non-mechanical  scanners  capable  of 
delineating  frames  subtended  by  50°  x 50°  scans  rapidly  (4  to 
30  Hz). 

Status : 

Non-mechanical  scanners  are  essentially  non-existent.  Their 
development  is  essential  to  the  full  realization  of  scanning  laser 
radar’s  contribution  to  range  mapping. 

Programs/Expertise : 

CMU,  Martin  Marietta  Denver,  NASA  Johnson,  NASA  Langley,  ERIM, 
Odetics,  Digital  Signal 
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Milestone  Comments : 


1989  - 150 , 1990  - 150,  991  - 100. 


Don  Gennery: 

For  reasonably  robust  operation,  the  local  guidance  and  hazard  avoidance 
system  probably  needs  a computing  power  of  at  least  10®  operations  per 
meter  traveled.  More  computing  power,  almost  without  limit,  could  be 
used  by  better  algorithms.  Another  actor  of  10  (i.e.,  109  operations 
per  meter)  could  be  utilized  easily. 


Hazard  Avoidance  and  Local  Guidance  - Demonstrations  and  Testing  of  Ideas  for 
Local  Guidance 


Rodney  A.  Brooks  - MIT  AI  Lab 

We  have  been  able  to  identify  only  two  outdoor  mobile  robots  which  have 
been  operated  autonomously  off  the  road.  The  total  distance  traveled  by 
these  two  projects  (FMC  under  Andy  Chang,  and  CMU  under  Takeo  Kanade) 
amounts  to  less  than  3 km.  Both  projects  used  relatively  benign  off-road 
conditions;  grass-covered  smooth  terrain  with  trees  as  the  only  obstacles. 
Some  further  experiments  may  be  done  late  in  *87  on  ALV  by  Martin 
Marietta,  and  by  FMC  and  General  Dynamics. 

Most  vision  and  laser  scanner  algorithms  have  been  tested  only  in 
laboratories  under  very  controlled  conditions.  Very  few  projects  have 
connected  vision  to  an  autonomous  vehicle  - in  all  cases  the  algorithms 
have  been  at  the  simple  end  of  the  algorithm  complexity  spectrum. 

We  need  to  connect  vision  and  laser  scanner  algorithms  to  vehicles  and 
run  them  in  "outdoor  environments."  A three-phase  approach  to  this  is: 

1.  In  fiscal  '88  (or  ’89)  fund  a number  (>3)  sites  {with  experience 
with  autonomous  mobile  robots,  and  with  a number  of  algorithms 
ready  to  test  to  run  autonomous  mobile  robots  (most  probably  with 
umbilicals  to  off-board  processors)  most  probably  in  simulated 
Martian  environments.  For  instance,  the  vehicles  could  be  quite 
small  (tens  of  cm  on  a side),  with  motors  and  sensors  on  board  but 
no  onboard  computing.  The  environment  would  be  indoors  with 
controlled  lighting,  to  simulate  different  sun  angles.  A simulated 
Martian  terrain  with  rocks  and  dust  would  provide  the  terrain.  The 
small  scale  work  should  be  focused  on  algorithm  design. 

2.  One  to  two  years  later  there  should  be  some  number  of  demonstrations 
in  an  outdoor  desert  (Mojave?)  of  one  or  more  of  the  earlier  indoor 
demonstrations.  These  will  require  more  robust  test  vehicles. 

3.  By  technology  out  of  date,  there  should  be  a test  of  the  most 
promising  system(s)  on  a specifically  constructed  vehicle. 
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Alternate  Power  Concepts 
Rodney  A.  Brooks 

The  workshop  has  concentrated  on  a rover  concept  of  a very  reliable 
single  rover  of  roughly  1000  kg. 

There  are  other  concepts  which  may  be  worth  considering  in  relatively  low 
budget  parallel  efforts. 

Rather  than  one  1000  kg  rover,  perhaps  we  could  have  ten  100  kg  rovers, 
or  one  hundred  10  kg  rovers,  one  one  thousand  1 kg  rovers.  The  tradeoff 
we  can  make  is  that  with  multiple  rovers  we  can  live  with  less  reliability 
on  any  given  rover  and  perhaps  achieve  more  ambitious  results.  Of  course 
we  may  not  need  to  spend  1000  kg  total. 

Very  small  rovers  might  not  have  communications  onboard.  They  might  use 
solar  power  (solar  power  goes  down  with  the  square  of  the  rover  size 
whereas  mass  goes  down  with  the  cube).  Different  rovers  might  have 
specialized  tools  (core  sampler,  rock  picker-upper).  They  would  travel 
off  in  different  directions  from  the  lander.  Some  would  operate  on  small 
traverses  and  use  a beacon  on  the  lander  to  find  their  way  back.  Others 
would  go  on  longer  traverses,  leaving  small  solar  powered  beacons  to  find 
their  way  back.  The  beacons  might  also  act  as  low  bandwidth  communication 
relays . 

Complete  10  kg  rovers  on  Earth  are  already  feasible.  Current  development 
in  micromachines  suggest  1 kg  Earth  rovers  may  soon  be  feasible. 

Fifty  10  kg  Mars  rovers  could  halve  the  mass  requirements  of  the  mission. 
They  might  significantly  expand  the  amount  of  territory  that  can  be 
covered  by  the  mission. 


Alternate  Rover  Concepts 

D.  Shapiro,  Advanced  Design  Systems 

The  approach  pursued  by  the  LG&HA  working  group  has  focused  on  the 
availability  of  high  quality  map  data,  accurate  navigation,  as  well  as 
high  quality  and  potentially  computer-intensive  perception.  With  some 
changes  in  mission  capabilities,  substantially  simpler  approaches  may 
become  possible  (with  attendant  large-cost  benefits). 

In  specific,  I believe  we  can  support  surface  exploration  and  provide 
vehicle  safety  in  the  absence  of  3-m  resolution  map  data  obtained  from 
orbital  imagery.  The  consequence  will  be  a decreased  confidence  that  an 
Earth-designated  path  can  be  executed  by  the  rover  with  the  expectation 
that  some  paths  can  be  safety  explored.  For  example,  given  8 to  10-m 
data,  a poor  sense  of  own  movement  and  no  global  position  registration 
(map  based),  landmark  based  steering  with  local  obstacle  avoidance  is 
sufficient  to  negotiate  approximate  paths.  In  this  scenario,  the 
character  of  movement  on  the  surface  is  different:  medium  range  planning 
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might  be  earth-based,  requiring  the  vehicle  to  climb  and  observe  from 
hills.  Returning  to  previous  locations,  e.g.,  specific  rocks,  would  be 
more  tedious.  Tropisms,  or  reactive  planning  mechanism,  might  be 
indicated  for  autonomous  movement  at  both  local  and  global  scales.  The 
recommendation  is  that  these  approaches  should  be  explored. 
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APPENDIX  B 


SUMMARY  FORMS 


SUMMARY  FORM  - Anonymous 

I.  Function  - Range  Map 
Technology  Options 

FM/CW  Scanning  Laser  Radar 
Rationale 

Real-time  (4  Hz)  mm  resolution  (range)  over  10-30-m  range 
with  a depth  of  range  from  near  0 to  max  range.  Dynamic 
reflectance  range  of  8 dB.  To  allow  continuous  position 
information  relative  to  (a)  selected  target (s)  during  the  10 
to  10-m  lurch.  Prevents  periods  of  open  loop  operation. 

Capability  Set 

Power  requirement  20W  or  less;  256x256  spatial  designation. 
50  degree  scan  H & V should  have  non-mechanical  scanning 
capability. 

II.  Function  - Proportional  Proximity  Sense 
Technology  Options 

FM/CW  Laser  Radar 
Rationale 

To  provide  continuous  data  about  hazards  within  close 
proximity  (0.5  m)  of  the  rover. 

Capability  Set 

Real-time  (30  Hz),  submillimeter  range  resolution  over  a 
range  of  0 to  0.5  m.  Power  requirement  3W  or  less. 
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SUMMARY  FORM  - D.  Atkinson 


I.  Functions  - Terrain  Representation  for  Path  Planning 
Technology  Options 

"Low  level"  space  subdivision  (grid) 

- Potential  field 

- Hierarchical  space  - subdivision 

- Semantic  segmentation 

Rationale 

Level  and  kind  of  representation  chosen  enables  different 
kinds  of  path  generation  and  selection  approaches.  One  or 
more  approaches  will  be  important  for  different  capabilities 
Representation  is  an  open  issue* 

Capability  Set 

- Path  optimality 
Risk  assessment 

- Vehicle  modeling 

- Processing  efficiency 

II.  Function  - Rover  Mobility  Modeling 
Technology  Options 

- Heuristic 

- Qualitative 

- Quantitative 

- Hybrid  Qualitative,  Quantitative 
Rationale 

Important  for  path  risk  assessment;  vehicle  "health"  sensing 
using  sensors  (planning)  to  acquire  information  about  the 
terrain* 

Capability  Set 

Selection  of  technical  option  is  dependent  on 
risk/ computation  tradeoff . 

III.  Function  - Dynamic  Replanning,  Reactive  Planning 
Technology  Options 

- Knowledge  based  system 

- A priori  response  to  situation 


Rationale 


Ability  to  respond  autonomously  to  unforeseen  situations  is 
required  to  reduce  risk  and  fail-safe  or  fail  operational  for 
the  rover.  Implications  are  real-time  (e.g.,  slippages)  and 
"offline"  (e.g.,  box  canyon) 

Capability  Set 

Flexible  response  to  local  failures,  versus  canned 
response  occasionally  requiring  human  control 

IV.  Function  - Goal  Management 

Technology  Options 

Knowledge-based  system 

Rationale 

Rover  must  be  able  to  evaluate  unforeseen  situations  and 
autonomously  determine  path  feasibility  without  vehicle  risk. 

Capability  Set 

Greater  autonomy 

- Could  contribute  to  opportunism  in  science  objectives. 
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Local  Guidance  and  Hazard  Avoidance  (LG  & HA)  is  an  essential  capability  for  the  Mars  Rover  to 
successfully  accomplish  its  mission.  Because  of  the  long  delay  in  round-trip  telemetry  from  Mars  to  Earth, 
local  navigation  by  conventional  teleoperation  is  highly  impractical.  The  Mars  Rover  must  autonomously 
sense,  perceive,  and  plan  for  navigating  in  the  local  environment  safely  toward  the  designated  goal.  Our 
panel  has  concluded  that  an  autonomous  LG&HA  subsystem  can  be  developed,  has  identified  key 
technical  components  for  it,  and  produced  concrete  recommendations  for  developing  such  technologies. 
Detailed  discussions  on  sensing,  perception,  planning,  and  control  are  presented  in  the  summary  and 
reports  from  the  panel.  I believe  that  the  most  important  point  to  be  made  is  that  the  technologies  for  an 
autonomous  LG&HA  subsystem  must  be  developed,  integrated,  and  tested  within  the  context  of  the  total 
Rover  system  using  realistic  environments.  Developing  capabilities  of  intelligent  autonomous  navigation 
will  be  crucial  not  only  to  the  Mars  Rover  and  Sample  Return  mission  but  also  to  unmanned  exploration  of 
other  planets. 

Takeo  Kanade,  Co-Chairman 
Camegie-Mellon  University 
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Certainty  Grids  for  Mobile  Robots 
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1 Abstract 

A numerical  representation  of  uncertain  and  incomplete  sensor 
knowledge  we  call  Certainty  Grids  has  been  used  successfully  in 
several  of  our  past  mobile  robot  control  programs,  and  has  proven 
itself  to  be  a powerful  and  efficient  unifying  solution  for  sensor 
fusion,  motion  planning,  landmark  identification,  and  many  other 
central  problems.  We  propose  to  build  a software  framework  run- 
ning on  processors  onboard  our  new  Uranus  mobile  robot  that  will 
maintain  a probabilistic,  geometric  map  of  the  robot  s surround- 
ings as  it  moves.  The  "certainty  grid"  representation  will  allow 
this  map  to  be  incrementally  updated  in  a uniform  way  from  var- 
ious sources  including  sonar,  stereo  vision,  proximity  and  contact 
sensors.  The  approach  can  correctly  model  the  fuzziness  of  each 
leading,  while  at  the  same  time  combining  multiple  measurements 
to  produce  sharper  map  features,  and  it  can  deal  correctly  with  un- 
certainties in  the  robot’s  motion.  The  map  will  be  used  by  planning 
programs  to  choose  clear  paths,  identify  locations  (by  correlating 
maps),  identify  well  known  and  insufficiently  sensed  terrain,  and 
perhaps  identify  objects  by  shape.  The  certainty  grid  representation 
can  be  extended  in  the  time  dimension  and  used  to  detect  and  track 
moving  objects.  Even  the  simplest  versions  of  the  idea  will  allows 
us  fairly  straightforwardly  to  program  the  robot  for  tasks  that  have 
hitherto  been  out  of  reach.  We  look  forward  to  a program  that  can 
explore  a region  and  return  to  its  starting  place,  using  map  "snap- 
shots" from  its  outbound  journey  to  find  its  way  back,  even  in  the 
presence  of  disturbances  of  its  motion  and  occasional  changes  in 
the  terrain. 


2 Introduction 

Robot  motion  planning  systems  have  used  many  space  and  ob- 
ject representations.  Objects  have  been  modelled  by  polygons  and 
polyhedra,  or  bounded  by  curved  surfaces.  Free  space  has  been  par- 
titioned into  Vorooi  regions  or,  more  heuristically,  free  corridors. 
Traditionally  the  models  have  been  hard  edged  - positional  uncer- 
tainty, if  considered  at  all,  was  used  in  just  a few  special  places 
in  the  algorithms,  expressed  as  a gaussian  spread.  Partly  this  is 
the  result  (rf  analytical  difficulty  in  manipulating  interacting  uncer- 
tainties, especially  if  the  distributions  are  not  gaussian.  Incomplete 
error  modelling  reduces  positional  accuracy.  More  seriously,  it  can 
produce  entirely  faulty  conclusions:  a false  determination  of  an 
edge  in  a certain  location,  for  instance,  may  derail  an  entire  train 
of  inference  about  the  location  or  existence  of  an  object  Because 


they  neglect  uncertainties  and  alternative  interpretations,  such  pro- 
grams are  brittle.  When  they  jump  to  the  right  conclusions,  they 
do  well,  but  a small  error  early  in  the  algorithm  can  be  amplified 
to  produce  a ridiculous  action.  Most  artificial  intelligence  based 
robot  controllers  have  suffered  from  this  weakness. 

We’ve  built  our  share  of  brittle  controllers.  Occasionally,  how- 
ever, we  stumble  across  numerical  (as  opposed  to  analytic)  repre- 
sentations that  seem  to  escape  this  fate.  One  is  deep  inside  the 
program  that  drove  the  Stanford  Cart  in  1979  [6].  Each  of  36 
pairings  of  nine  images  from  a sliding  camera  produced  a stereo 
depth  measurement  of  a given  feature,  identified  by  a correlator, 
in  the  nine  images.  Some  pairings  were  from  short  baselines,  and 
had  large  distance  uncertainty,  others  were  from  widely  separated 
viewpoints,  with  small  spread.  The  probability  distributions  from 
the  36  readings  were  combined  numerically  in  a 1000  cell  array, 
each  cell  representing  a small  range  interval  (Figure  1).  Correlator 
matching  errors  often  produced  a multi-peaked  resultant  distribu- 
tion, but  die  largest  peak  almost  always  gave  the  correct  range.  The 
procedure  was  die  most  error  tolerant  step  in  the  Cart  navigator, 
but  it  alone  did  not  protect  the  whole  program  from  brittleness. 

A descendant  of  the  Cart  program  by  Thorpe  and  Matthies  con- 
tained a path  planner  [5]  that  modelled  floor  space  as  a grid  of 
cells  containing  numbers  representing  the  suitability  of  each  re- 
gion to  be  on  a path.  Regions  near  obstacles  had  low  suitability 
while  empty  space  was  high.  A relaxation  algorithm  found  locally 
optimum  paths  (Figure  2).  The  program  represented  uncertainty 
in  the  location,  or  even  existence,  of  obstacles  by  having  the  suit- 
ability numbers  for  them  vary  according  to  extended,  overlapping, 
probability  distributions.  The  method  dealt  very  reliably  and  com- 
pletely with  uncertainty,  but  also  suffered  from  being  embedded  in 
an  otherwise  brittle  program. 

Our  most  thorough  use  of  a numerical  model  of  position  uncer- 
tainty is  a sonar  mapper,  map  matcher  and  path  planner  developed 
initially  for  navigating  the  Denning  Sentry  [4.  2,  3].  Space  is 
represented  as  a grid  of  cells,  each  mapping  an  area  30  (in  some 
versions  15)  centimeters  on  a side  and  containing  two  numbers, 
one  the  estimated  probability  that  the  area  is  empty,  the  other  that 
it  is  occupied.  Cells  whose  state  of  occupancy  is  completely  un- 
known have  both  probabilities  zero,  and  inconsistent  data  is  in- 
dicated if  both  numbers  are  high.  Many  of  the  algorithms  work 
with  the  difference  of  the  numbers.  Each  wide  angle  sonar  read- 
ing a thirty  degree  swath  of  emptiness,  and  a thirty  degree 
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Figure  1:  Nine  Eyed  Stereo  * Identifications  of  a point  on  m object  seen  in 
nine  different  images  taken  as  a camera  traversed  a trek  at  right  ngles  to  its 
direction  of  view.  Each  pairing  of  images  gives  a stereo  baseline,  some  short 
some  long.  Long  baselines  have  less  uncertainty  in  the  calculated  distance. 
The  distributions  for  all  36  possible  pairings  are  added  in  a one  dimensional 
“certainty  grid”,  and  the  peak  of  the  resultant  sum  taken  as  the  actual  distance 
to  the  object  The  top  graph  is  for  a case  where  are  nine  kWHfirftfVwit  of  the 
point  in  the  images  are  correct.  The  bottom  is  a case  where  one  image  is  in 
error.  The  error  produces  eight  small  peaks  at  incorrect  locations,  but  there  are 
no  match  for  the  accumulation  of  the  correct  values. 


arc  of  occupancy,  by  itself  a very  fuzzy  image  of  the  world.  Sev- 
eral hundred  readings  together  produce  an  image  with  a resolution 
often  better  than  15  centimeters,  despite  many  aberrations  in  indi- 
vidual readings  (Figure  3).  The  resiliency  of  the  method  has  been 
demonstrated  in  successful  multi-hour  long  runs  of  Denning  robots 
around  and  around  long  trajectories,  using  three  second  map  build- 
ing and  three  second  map  matching  pauses  at  key  intersections  to 
repeatedly  correct  their  position.  These  runs  work  well  in  clutter, 
and  survive  disturbances  such  as  people  milling  around  the  running 
robot 

Ken  Stuart  of  MIT  and  Woods  Hole  has  implemented  a three 
dimensional  version  of  the  sonar  mapper  for  use  with  small  sub- 
mersible craft  Tested  so  far  only  in  simulation,  but  in  the  presence 
of  large  simulated  errors,  Stuart’s  program  provides  extremely  good 
reconstructions,  in  a 128  x 128  x 64  array,  of  large  scale  terrain, 
working  with  about  60, 000  readings  from  a sonar  transducer  with 
a seven  degree  beam.  Running  on  a Sun  computer,  his  program  can 
process  sonar  data  fast  enough  to  keep  up  with  the  approximately 
one  second  pulse  rate  of  the  transducers  on  the  two  candidate  sub- 
mprsibles  at  Woods  Hole. 

Recendy  Serey  and  Matthies  demonstrated  the  utility  of  the  grid 
representation  in  a stereo  vision  based  navigator  [1].  Edges  cross- 
ing a particular  scanline  in  the  two  stereo  images  are  matched  by 
a dynamic  programming  method,  to  produce  a range  profile.  The 
wedge  shaped  space  from  the  camera  to  the  range  profile  is  marked 
empty,  cells  along  the  profile  itself  are  marked  occupied.  The  re- 
sulting map  is  then  used  to  plan  obstacle  avoiding  paths  as  with 
the  stereo  and  sonar  programs  mentioned  above  (Figure  4). 

Despite  its  effectiveness,  in  each  instance  we  adopted  the  grid 
representation  of  space  reluctantly.  This  may  reflect  habits  from 
a recent  time  when  analytic  approaches  were  more  feasible  and 
seemed  more  elegant  because  computer  memories  were  too  small  to 
easily  handle  numerical  arrays  of  a few  thousand  to  a million  cells. 

I think  the  reluctance  is  no  longer  appropriate.  The  straightfor- 
wardness, generality  and  uniformity  of  the  grid  representation  has 


Figure  2:  Relaxation  Path  Planner  • A path  is  chosen  that  minimizes  a given 
cost  function  in  a Certainty  Grid.  Small  perturbations  are  mart*  in  the  vertices 
of  the  path  in  directions  that  reduce  the  cost 


proven  itself  in  finite  element  approaches  to  problems  in  physics, 
in  raster  based  approaches  to  computer  graphics,  and  has  the  same 
promise  in  robotic  spatial  representations.  At  first  glance  a grid’s  fi- 
nite resolution  seems  inherently  to  limit  positioning  accuracy.  This 
impression  is  false.  Cameras,  sonar  transducers,  laser  scanners  and 
other  long  range  sensors  have  intrinsic  uncertainties  and  resolution 
limits  that  can  be  matched  by  grids  no  larger  than  a few  hundred 
cells  on  a side,  giving  a few  thousand  cells  in  two  dimensions,  or  a 
few  million  in  three  dimensions.  Since  the  accuracy  of  most  trans- 
ducers drops  with  range,  even  greater  economy  is  possible  by  using 
a heirarchy  of  scales,  covering  the  near  field  at  high  resolution,  and 
successively  larger  ranges  with  increasingly  coarser  grids.  Besides 
this,  the  implicit  accuracy  of  a certainty  grid  can  be  better  than  the 
size  of  its  cell.  The  grid  can  be  thought  of  as  a discrete  sampling 
of  a continuous  function.  Extended  features  such  as  lines  (perhaps 
representing  walls)  may  be  located  to  high  precision  by  examining 
the  parameters  of  surfaces  of  best  fit  The  Denning  robot  navigator 
mentioned  above  convolves  two  maps  to  find  the  displacement  and 
rotation  between  them.  In  the  final  stages  of  the  matching  correla- 
tion values  are  obtained  for  a number  of  positions  and  angles  in  the 
vicinity  of  the  best  match.  A quadratic  least  squares  polynomial  is 
fitted  to  the  correlation  values,  and  its  peak  is  located  analytically. 
Controlled  tests  of  the  procedure  usually  give  positions  accurate  to 
better  than  one  quarter  of  a cell  width. 
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Figure  3:  Sonar  Mapping  and  Navigation  - Plan  view  of  the  certainty  grid 
built  by  a sonar  guided  robot  traversing  our  laboratory.  The  scale  marks  are 
in  feet.  Each  point  on  the  dark  trajectory  is  a stop  that  allowed  the  onboard 
sonar  ring  to  collect  twenty  four  new  readings.  The  grid  cells  are  while  if  the 
occupancy  probability  is  low,  dots  if  unknown,  and  x if  high.  The  forward 
paths  were  planned  by  a relaxation  path  planner  working  in  the  grid  as  it  was. 
incrementally  generated. 


Our  results  to  dale  suggest  that  many  mobile  robot  tasks  can 
be  solved  with  this  unified,  sensor  independent,  approach  to  space 
modelling  The  key  ingredients  arc  a robot  centered,  multi  reso- 
lution, map  of  the  robot’s  surroundings,  procedures  for  efficiently 
inserting  data  from  sonar,  stereo  vision,  proximity  and  other  sensors 
into  the  map,  other  procedures  for  updating  the  map  to  reflect  the 
uncertainties  introduced  by  imprecise  robot  motion,  and  yet  oth- 
ers to  extract  conclusions  from  the  maps.  We  ve  already  demon- 
strated procedures  that  produce  local  and  global  navigational  fixes 
and  obstacle  avoiding  paths  from  such  maps.  Other  tasks,  such 
as  tracking  corridors,  finding  vantage  points  with  good  views  of 
unseat  regions,  and  identification  of  larger  features  such  as  doors 
and  desks  by  general  shape  seem  within  reach. 


3 The  Representation 

The  sonar  mappers  mentioned  above  arc  our  most  thorough  use  to 
date  of  the  certainty  grid  idea.  Although  our  original  implemen- 
tations used  two  grids  to  represent  occupancy  knowledge  (labelled 
> and  P^y),  Stuart’s  3D  system  uses  only  one.  An  analysis 

of  the  steps  in  our  code  reveals  that  one  grid  will  indeed  suffice, 
and  this  amplification  makes  clear  several  puzzling  issues  m the 
original  formulation. 

Before  any  measurements  are  made,  the  grid  is  initialized  to 
a background  occupancy  certainty  value,  Cb.  This  number  rep- 
resents the  average  occupancy  certainty  we  expect  m a mature 
map,  and  encodes  a (very)  little  bit  of  a-priori  information  we  have 
about  the  world.  In  our  lab  a good  Cb  seems  to  be  about  the 
number  of  cells  in  die  perimeter  of  the  grid  divided  by  the  total 
cells  (4  x 32/(32  x 32)  = 1/8)  in  the  case  of  the  Denning  code. 
If  the  space  is  very  cluttered,  Cb  should  be  larger.  As  the  map 
is  used,  values  near  Cb  will  stand  for  regions  whose  occupancy 
Hate  is  essentially  unknown,  while  those  much  nearer  zero  will 
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represent  empty  places,  and  those  much  nearer  unity  are  likely  to 
be  occupied.  Most  of  the  planning  algorithms  that  use  die  grid 
will  be  better  off  if  they  do  not  make  sharp  distinctions,  but  in- 
stead numerically  combine  the  certainty  values  from  various  cells 
to  produce  “goodness  of  fit”  numbers  for  their  various  hypotheses. 
In  this  way  the  essential  uncertainties  in  the  measurements  are  not 
masked,  and  the  algorithms  do  not  jump  to  unnecessary,  possibly 
false,  conclusions. 


4 Inserting  Measurements 

The  leadings  of  almost  any  kind  of  sensor  can  be  incorporated 
into  a certainty  grid,  if  they  can  be  expressed  in  geometric  terms. 
The  information  from  a reading  can  be  as  minimal  as  a proximity 
detector’s  report  that  there  is  probably  something  in  a certain  region 
of  space,  or  as  detailed  as  a stereo  depth  profiler’s  precise  numbers 
on  the  countours  of  a surface. 

The  first  step,  in  general,  is  to  express  the  sensor’s  measurement 
as  a numerical  spatial  certainty  distribution  commensurate  with  the 
grid’s  geometry.  For  an  infrared  proximity  detector  this  may  take 
the  form  of  set  of  numbers  F,  in  an  elliptical  envelope  with  high 
certainty  values  in  a central  axis  (meaning  detection  is  likely  there) 
tapering  to  zero  at  the  edges  of  the  illumination  envelope.  Let’s 
suppose  the  sensor  returns  a binary  indication  that  there  is  or  is 
not  something  in  its  field  of  view.  If  the  sensor  reports  a hit,  cells 
in  the  certainty  grid  Cx  falling  under  the  sensor’s  envelope  can  be 
updated  with  the  formula 

Cx:=Cx  + Px-CxxPz 

which  will  increase  the  C values.  In  this  case  the  P values  should 
be  scaled  so  their  rum  is  one,  since  the  measurement  describes  a 
situation  where  there  is  something  somewhere  in  the  field  of  view, 
probably  not  everywhere.  If  the  reliability  of  the  sensor  is  less  than 
perfect,  the  normalization  may  be  to  a sum  less  than  unity.  If,  on 
the  other  hand,  the  detector  registers  no  hit,  the  formula  might  be 

Cx  :*  Cx  x (1  — PM) 

and  the  Cs  will  be  reduced.  In  this  case  the  measurement  states 
that  there  is  nothing  anywhere  in  the  field  of  view,  and  the  P values 
should  reflect  only  the  chance  that  an  object  has  been  overlooked  at 
each  particular  position;  It.  they  should  not  be  normalized.  If  the 
sensor  returns  a continuous  value  rather  than  a binary  one,  perhaps 
expressing  some  kind  of  rough  range  estimate,  a mixed  strategy 
similar  to  the  one  described  below  for  sonar  is  called  for. 

A Polaroid  sonar  measurement  is  a number  giving  the  range  of 
the  nearest  object  within  an  approximately  thirty  degree  cone  in 
front  of  the  sonar  transducer.  Because  of  the  wide  angle,  die  ob- 
ject position  is  known  only  to  be  somewhere  on  a certain  surface. 
This  range  surface  can  be  handled  in  the  same  manner  as  the  sen- 
sitivity distribution  of  a proximity  detector  “hit”  above.  The  sonar 
measurement  has  something  else  to  say,  however.  The  volume  of 
the  cone  up  to  the  range  reading  is  probably  empty,  else  a smaller 
range  would  have  been  returned.  The  empty  volume  is  like  the 
“no  hit”  proximity  detector  case,  and  can  be  handled  in  the  same 
fashion.  So  a sonar  reading  is  like  a proximity  detector  hit  at  some 
locations,  and  increases  the  occupancy  probability  there,  and  like 
a miss  at  others,  where  it  decreases  the  probability.  If  we  have  a 
large  number  of  sonar  readings  taken  from  different  vantage  points 
(say  as  the  robot  moves),  the  gradual  accumulation  of  such  cer- 
tainty numbers  will  build  a respectable  map.  We  can,  in  fact,  do  a 
little  better  than  that  Imagine  two  sonar  readings  whose  volumes 
intersect  And  suppose  the  “empty”  region  of  the  second  overlaps 
part  of  the  range  surface  of  the  first.  Now  the  range  surface  says 


“somewhere  along  here  there  is  an  object”,  while  the  empty  vol- 
ume says  “there  is  no  object  here”.  The  second  reading  can  be 
used  to  reduce  the  uncertainty  in  the  position  of  the  object  located 
by  the  first  reading  by  decreasing  tire  probability  in  the  area  of  the 
overlap,  and  correspondingly  increasing  it  in  the  rest  of  the  range 
surface.  This  can  be  accomplished  by  reducing  the  range  surface 
certainties  Rx  with  the  formula  Rx  :=  Rx  x (1  — Ex)  where  Ex  is 
the  “empty”  certainty  at  each  point  from  the  second  reading,  then 
normalizing  the  Rs.  This  method  is  used  to  good  effect  in  the  ex- 
isting sonar  navigation  programs,  with  the  elaboration  that  the  £s 
of  many  readings  are  first  accumulated,  and  then  used  to  condense 
the  Rs  of  the  same  readings.  (It  is  this  two  stage  process  that  led 
us  to  use  two  grids  in  our  original  programs.  In  fact,  the  grid  in 
which  the  £s  are  accumulated  need  merely  be  temporary  working 
space.) 

The  stereo  method  of  Serey  and  Matthies  provides  a depth  pro- 
file of  visible  surfaces.  Although,  like  a sonar  reading,  it  describes 
a volume  of  emptiness  bounded  by  a surface  whose  distance  has 
been  measured,  it  differs  by  providing  a high  certainty  that  there 
is  matter  at  each  point  along  the  range  surface.  The  processing  of 
the  “empty”  volume  is  the  same,  but  the  certainty  reduction  and 
normalization  steps  we  apply  to  sonar  range  surfaces  are  thus  not 
appropriate.  The  grid  cells  along  a very  tight  distribution  around 
the  range  surface  should  simply  be  increased  in  value  according 
to  the  “hit”  formula.  The  magnitude  and  spread  of  the  distribu- 
tion should  vary  according  to  the  confidence  of  the  stereo  match 
at  each  point  The  method  used  by  Serey  and  Matthies  matches 
edge  crossing  along  corresponding  scanlines  of  two  images,  and  is 
likely  to  be  accurate  at  those  points.  Elsewhere  it  interpolates,  and 
the  expected  accuracy  declines. 

If  the  robot  has  proximity  or  contact  sensors,  its  own  motion 
can  contribute  to  a certainty  grid.  Areas  traversed  by  the  robot  are 
almost  certainly  empty,  and  their  cells  can  be  reduced  by  the  “no 
hit”  formula,  applied  over  a confident  sharp  edged  distribution  in 
the  shape  of  the  robot.  This  approach  becomes  more  interesting  if 
the  robot’s  motion  has  inherent  uncertainties  and  inaccuracies.  If 
the  certainty  grid  is  maintained  so  it  is  accurate  with  respect  to  the 
robot's  present  position  (so  called  robot  co-ordinates),  then  the  past 
positions  of  the  robot  will  be  uncertain  in  this  co-ordinate  system. 
This  can  be  expressed  by  blurring  the  certainty  grid  accumulated 
from  previous  readings  in  a certain  way  after  each  move,  to  reflect 
the  uncertainty  in  that  move.  New  readings  are  inserted  without 
blur  (essentially  the  robot  is  saying  “I  know  exactly  where  I am 
now;  I’m  just  not  sure  where  I was  before).  The  track  in  the 
certainty  grid  of  a moving  robot’s  path  in  this  system  will  resemble 
die  vapor  trail  of  a high  flying  jet  - tight  and  dense  in  the  vicinity  of 
the  robot,  diffusing  eventually  to  nothing  with  time  and  distance. 


5 Extracting  Deductions 

The  purpose  of  maintaining  a certainty  grid  in  the  robot  is  to  plan 
and  monitor  actions.  Thorpe  and  Elfes  showed  one  way  to  plan 
obstacle  avoiding  paths.  Conceptually  the  grid  can  be  considered 
an  array  of  topographic  values  - high  occupancy  certainties  are 
hills  while  low  certainties  are  valleys.  A safe  path  follows  valleys, 
like  running  water.  A relaxation  algorithm  can  perturb  portions  of 
a trial  path  to  bring  each  part  to  a local  minimum.  In  principle 
a decision  need  never  be  made  as  to  which  locations  are  actually 
empty  and  which  are  occupied,  though  perhaps  the  program  should 
stop  if  the  best  path  climbs  beyond  some  threshold  “altitude”.  If 
the  robot’s  sensors  continue  to  operate  and  update  the  grid  as  the 
path  is  executed,  impasses  will  become  obvious  as  proximity  and 
contact  sensors  raise  the  occupancy  certainty  of  locations  where 
they  make  contact  with  solid  matter. 
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As  indicated  in  the  introduction,  we  have  already  demonstrated 
effective  navigation  by  convolving  certainty  grids  of  given  loca- 
tions built  at  different  times,  allowing  the  robot  to  determine  its 
location  with  respect  to  previously  constructed  maps.  This  tech- 
nique can  be  extended  to  subparts  of  maps,  and  may  be  suitable 
fee  recognizing  particular  landmarks  and  objects.  For  instance, 
we  are  presently  developing  a wall  tracker  that  fits  a least  squares 
line  to  points  that  are  weighted  by  the  product  of  the  occupancy 
certainty  value  and  a gaussian  of  the  distance  of  the  gnd  points 
from  an  a-priori  guess  of  the  wall  location.  The  parameters  of  the 
least  squares  line  are  the  found  wall  location,  and  serve,  after  be- 
ing transformed  for  robot  motion,  as  the  initial  guess  for  the  next 
iteration  of  the  process. 


Fw  tasks  that  would  benefit  from  an  opportunistic  exploration 
of  unknown  terrain,  the  certainty  grid  can  be  examined  to  find 
interfering  places  to  go  next  Unknown  regions  are  those  whose 
certainty  values  are  near  the  background  certainty  Cb.  By  applying 
m operator  that  computes  a function  such  as 

ZiC'-cb)2 


over  a weighted  window  of  suitable  size,  a program  can  find  re- 
gions whose  contents  are  relatively  unknown,  and  head  for  them. 
Other  operators  similar  in  spirit  can  measure  other  properties  of 
the  space  and  the  robot’s  state  of  knowledge  about  it  Hard  edged 
characterizations  of  the  stuff  in  the  space  can  be  left  to  the  last 
possible  moment  by  this  approach,  or  avoided  altogether. 


6 A Plan:  Awareness  for  a Robot 

Uranus  is  the  CMU  Mobile  Robot  Lab’s  latest  and  best  robot  and 
the  third  and  last  one  we  intend  to  construct  for  the  fcrseeable 
future.  About  60  cm  square,  with  an  omnidirectional  drive  sys- 
tem intended  primarily  for  indoor  work,  Uranus  carries  two  racks 
wired  for  the  industry  standard  VME  computer  bus,  and  can  be 
upgraded  with  off  the  shelf  processors,  memory  and  input  output 
boards.  In  the  last  few  years  the  speed  and  memory  available  on 
single  boards  has  begun  to  match  that  available  in  our  mainframe 
computers.  This  removes  the  main  arguments  for  operating  the 


Figure  5:  The  Uranus  Mobile  Robot  - A bouncing  baby,  full  of  promise. 


irierhine  primarily  by  remote  control.  With  most  computing  done 
on  board  by  dedicated  processors,  enabling  very  high  bandwidth 
and  relaible  connection  of  processors  to  sensors  and  effectors,  real 
time  control  is  much  easier.  Also  favoring  this  change  in  approach 
is  a realization  by  us,  growing  from  our  experience  with  robot  con- 
trol programs  from  the  very  complex  to  the  relatively  simple,  that 
the  most  complicated  programs  arc  probably  not  the  most  effective 
way  to  learn  about  programming  robots.  Very  complex  programs 
are  slow,  limiting  the  numebr  of  experiments  possible  in  any  given 
time,  and  they  involve  too  many  simultaneous  variables,  whose 
effects  can  be  hard  to  separate.  A manageable  intermediate  com- 
plexity seems  likely  to  get  us  to  our  long  term  goals  fastest  The 
most  exciting  element  in  our  current  plans  is  a realization  that  cer- 
tainty grids  arc  a powerful  and  efficient  unifying  solution  for  sensor 
fusion,  motion  planning,  landmark  identification,  and  many  other 
central  problems. 

As  the  core  of  the  robot  and  the  research  we  will  prepare  a 
kind  of  operating  system  based  on  the  "certainty  grid"  idea.  Soft- 
ware running  running  continuously  on  processors  onboard  Uranus 
will  maintain  a probabilistic,  geometric  map  of  the  robot  s sur- 
roundings as  it  moves.  The  certainty  grid  representation  will  allow 
this  map  to  be  incrementally  updated  in  a uniform  way  from  var- 
ious sources  including  sonar,  stereo  vision,  proximity  and  contact 
sensors.  The  approach  can  correctly  model  the  fuzziness  of  each 
reading,  while  at  the  same  time  combining  multiple  measurements 
to  produce  sharper  map  features,  and  it  can  deal  correctly  with  un- 
certainties in  the  robot’s  motion.  The  map  will  be  used  by  planning 
programs  to  choose  clear  paths,  identify  locations  (by  correlating 
maps),  identify  well  known  and  insufficiently  sensed  terrain,  and 
perhaps  identify  objects  by  shape.  To  obtain  both  adequate  res- 
olution of  nearby  areas  and  sufficient  coverage  for  longer  range 
planning,  without  excessive  cost,  a heirarchy  of  maps  will  be  kept, 
the  smallest  covering  a 2 meter  area  at  6.25  cm  resolution,  the 
largest  16  meters  at  50  cm  resolution  (Figure  6).  This  map  will 
be  “scrolled”  to  keep  the  robot  centered  as  it  moves,  but  rotations 
of  the  robot  will  be  handled  by  changing  elements  of  a matrix  the 
represents  the  robot’s  orientation  in  the  grid.  The  map  forms  a 
kind  of  consciousness  of  the  world  surrounding  the  robot  - reason- 
ing about  the  world  would  actually  be  done  by  computations  in  the 
map.  It  might  be  interesting  to  take  one  more  step  in  the  heirar- 
chy, to  a one  meter  grid  that  simply  covers  the  robot’s  own  extent 
It  would  be  natural  to  keep  this  final  grid  oriented  with  respect 
to  robot  chassis  itself,  rather  than  approximately  to  the  compass  as 
with  die  other  grids.  This  change  of  co-ordinate  system  would  pro- 
vide a natural  distinction  between  “world  awareness  and  body 
or  “self’  awareness.  Such  encoding  of  a sense  of  self  might  even 
be  useful  if  the  robot  were  covered  with  many  sensors,  or  perhaps 
were  equipped  with  manipulators.  We  have  no  immediate  plans  in 
that  direction,  and  so  will  pass  by  this  interesting  idea  for  now. 

Our  initial  version  will  contain  a pair  of  two  dimensional  grid 
sets,  one  mapping  the  presence  of  objects  at  the  robots  operating 
beight  of  a few  feet  above  ground  leveL  The  other  will  map  the  less 
complex  idea  of  presence  of  passable  floor  at  various  locations.  The 
object  map  will  be  updated  from  all  sensors,  the  floor  map  primar- 
ily from  downward  looking  proximity  detectors,  though  possibly 
also  from  long  range  data  from  vision  and  sonar.  The  robot  will 
navigate  by  dead  reckoning,  integrating  the  motion  of  its  wheels. 
This  method  accumulates  error  rapidly,  and  this  uncertainty  will  be 
reflected  in  the  maps  by  a repeated  blurring  operation.  Old  read- 
ings,  whose  location  relative  to  the  robot’s  present  position  and 
CT-j-niarinn  are  known  with  decreasing  precision,  will  have  their 
effect  gradually  diffused  by  this  operation,  until  they  eventually 
evaporate  to  the  background  certainty  value. 
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Figure  6:  Map  Resolution  Heirarchy  - Coarse  maps  for  the  big  picture,  fine 
ooes  for  the  fiddly  details  in  the  immediate  environment.  All  the  maps  are 
scrolled  to  keep  the  robot  in  the  center  cells. 


It  would  be  natural  to  extend  the  two-grid  system  to  many  grids, 
each  mapping  a particular  vertical  slice,  until  we  have  a true  three 
dimensional  grid.  We  will  do  this  as  our  research  results,  and 
processing  power  permit  The  availability  of  single  board  array 

processors  that  can  be  installed  on  the  robot  would  help  this,  as 
the  certainty  grid  operations  are  very  amenable  to  vectorizing.  The 
certainty  grid  representation  can  also  be  extended  in  the  time  di- 
mension, with  past  certainty  grids  being  saved  at  regular  intervals, 
like  frames  in  a movie  film,  and  registered  to  the  robot’s  current 
co-ordinates  (and  blurred  for  motion  uncertainties).  Line  operators 
applied  across  the  time  dimension  could  detect  and  track  moving 
objects,  and  give  the  robot  a sense  of  time  as  well  as  space.  This 
has  some  very  thrilling  conceptual  (and  perceptual)  consequences, 
but  we  may  not  get  to  it  for  a while. 

Even  the  simplest  versions  of  the  idea  will  allows  us  fairly 
straightforwardly  to  program  the  robot  for  tasks  that  have  hitherto 
been  out  of  reach.  We  look  forward  to  a program  that  can  explore  a 
region  and  return  to  its  starting  place,  using  map  "snapshots"  from 
its  outbound  journey  to  find  its  way  back,  even  in  the  presence  of 
disturbances  of  its  motion  and  occasional  changes  in  the  terrain. 
By  funneling  the  sensor  readings  through  a certainty  grid,  which 
collects  and  preserves  all  the  essential  data,  and  indications  of  un- 
certainties, and  makes  it  available  in  a uniform  way,  we  avoid  the 
problem  we’ve  had.  that  for  each  combination  of  sensor  and  task  a 
afferent  program  is  required.  Now  the  task  execution  is  decoupled 
from  the  sensing,  and  thus  becomes  simpler. 
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SECTION  1 


EXECUTIVE  SUMMARY 


1.1  DEFINITION 

The  Global  Navigation  Panel  met  to  address  the  problem  of 
accurately  determining  the  location  of  the  Mars  Rover  on  the  surface  of  Mars. 
Both  the  knowledge  of  the  vehicle's  current  position  at  any  time  and  the  (more 
accurate)  reconstruction  of  its  positions  at  previous  times  were  of  interest. 
The  name  "Global  Navigation"  was  assigned  to  the  panel  to  distinguish  its 
activities  from  those  of  the  Local  Guidance  and  Hazard  Avoidance  Panel.  The 
latter  panel  was  concerned  with  the  detection  and  avoidance  of  nearby  hazards, 
whereas  the  Global  Navigation  Panel  was  concerned  with  locating  the  vehicle  on 
a larger  scale  with  respect  to  some  sort  of  Mars-referenced  coordinate  system. 

The  problem  of  accurately  locating  the  rover  on  the  surface  of  Mars 
is  quite  complex  and  will  require  the  use  of  several  classes  of  navigational 
techniques  for  its  achievement.  Accordingly,  the  deliberations  of  the 
workshop  and  the  documentation  of  the  conclusions  have  been  divided  into  four 
parts,  three  dealing  with  general  classes  of  navigational  techniques  and  one 
dealing  with  how  these  various  techniques  can  be  synthesized  to  form  an 
overall  navigation  system: 

1.  Inertial  and  dead-reckoning  techniques 

2.  Imaging-related  techniques 

3.  Radiometric  techniques 

4.  Synthesis  of  a navigation  system 


1.2  INERTIAL  AND  DEAD  RECKONING  TECHNIQUES 

Inertial  and  dead  reckoning  navigation  components  (gyroscopes, 
accelerometers,  odometers,  compasses,  etc.)  provide  short-term  information  on 
the  location  of  the  rover  relative  to  some  initial  reference  point.  They 
depend  on  inertial  and  noninertial  sources  for  initialization  and  periodic 
updating  during  the  course  of  the  roving  mission.  Advances  in  the  state  of 
the  art  will  enhance  the  performance  of  inertial  and  dead-reckoning 
navigation,  but  are  not  mission  enabling.  Benefits  of  improved  technology  are 

• Higher  accuracy  in  locating  the  rover 

• Lower  frequency  in  updating  the  inertial  components 

• Lower  volume  and  mass 

• Improved  data  processing 

• Improved  science  output 


5-1-1 


No  other  component  of  the  navigation  system  can  be  eliminated  as  a 
consequence  of  technological  advances  in  inertial  and  dead-reckoning 
techniques.  This  is  because: 

• Degradation  in  position  knowledge  derived  from  inertial  and 
dead-reckoning  components  is  progressive.  Knowledge  must  be 
updated  periodically  from  external  sources.  Improved 
performance  reduces  the  frequency  of  updates  but  does  not 
eliminate  them. 

• Although  latitude  can  be  computed  directly  from  inertial 
measurements,  the  errors  that  will  result  from  predicted 
inertial  performance  may  be  larger  than  permitted.  Current 
radiometric  or  other  techniques  can  provide  the  needed 
accuracy.  It  is  improbable  that  inertial  technology  can  be 
improved  enough  to  match  current  radiometric  performance. 

• Inertial  and  dead  reckoning  techniques  provide  no  absolute 
measure  of  longitude  or  latitude.  Radiometric  or  other 
techniques  can  provide  longitude  and  latitude  information  to  a 
sufficient  degree  of  accuracy. 


1.3  IMAGING-RELATED  NAVIGATIONAL  TECHNIQUES 

Imaging  systems  on  board  both  the  rover  and  an  orbiter  can  play  key 
roles  in  rover  navigation.  The  orbiter  imaging  system  can  be  used  to  produce, 
in  advance,  high-resolution  maps  of  the  general  area  to  be  traversed  by  the 
rover.  Stereo  image  pairs  (coupled  with  altimetry  data,  if  available)  would 
be  used  to  produce  these  maps.  In  addition,  orbiter  images  taken  during  the 
course  of  the  rover  mission  might  include  the  rover  or  tracks  made  by  the 
rover  as  identifiable  objects.  Positive  identification  of  the  rover  in  these 
imaging  frames  can  be  improved  by  including  optical  reflectors  on  the  vehicle. 

The  images  obtained  by  the  orbiter  looking  down  at  the  surface  of 
Mars  will  have  to  be  projected  along  a variety  of  horizontal  boresight 
directions  to  match  what  the  rover  will  see  using  its  own  stereo  imaging 
system.  These  projected  orbiter  images  can  then  be  correlated  with  images 
taken  with  the  rover  imaging  system  to  locate  the  rover. 

In  general,  the  work  that  needs  to  be  done  to  provide  a 
satisfactory  state  of  technology  readiness  for  these  techniques  involves 
computational  advances,  rather  than  advances  in  optical  hardware.  The  data 
processing  techniques  required  to  extract  high-accuracy  (1-m)  topography  from 
near-vertical  orbiter  imaging  must  be  developed,  automated,  and  verified. 
Concepts  for  doing  this  exist,  but  the  accuracies  achievable  must  be 
ascertained  from  simulations.  The  total  number  of  orbiter  pictures  required 
to  cover  a rover  tour  may  be  large,  so  that  the  process  must  be  automated  far 
beyond  the  methods  that  are  currently  used,  which  are  very  analyst-intensive. 
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Automated  correlation,  on  board  the  rover,  of  an  expected  scene 
with  the  actual  scene  may  be  highly  desirable,  to  allow  extension  of  the  time 
or  path  intervals  over  which  the  rover  motion  can  be  left  unattended. 
Algorithms  for  automated  scene  correlation  must  be  developed  and  rigorously 
verified. 


In  the  area  of  spacecraft  hardware,  the  number  of  pictures  required 
from  the  orbiter  may  be  fairly  large,  to  allow  1-m  resolution  maps  to  be 
made.  Therefore,  the  highest  possible  bit  rates  from  the  orbiter  are 
desirable  to  allow  acquisition  of  the  required  data  in  a period  of  perhaps  a 
few  weeks . 


1.4  RADIOMETRIC  TECHNIQUES 

The  Mars  rover  and  lander  will  provide  two  radio  signals  that,  when 
viewed  from  the  Earth,  will  have  very  small  angular  separations — less  than  one 
mill iarcsecond . These  two  signals  (and  that  of  the  orbiter  as  well)  will  fit 
well  within  the  main  beam  of  a 70-m  Deep  Space  Network  (DSN)  tracking  station 
operating  at  X-band.  This  will  offer  an  unusual  opportunity  to  perform 
differential  very-long-  baseline  interferometry  (delta-VLBI ) with 
extraordinary  accuracy.  Observing  simultaneously  from  two  4000— km  baselines, 
it  will  be  possible  to  determine  the  two-dimensional  plane-of-sky  projection 
of  the  rover-lander  position  vector  to  an  accuracy  of  about  two  meters,  with 
an  observation  lasting  less  than  60  seconds.  The  third  dimension  can  be 
measured  by  Earth-based  ranging  or  inferred  from  a model  of  the  shape  of  the 
Martian  surface. 

Current  VLBI  tracking  technology  uses  a wide  bandwidth  (40  MHz)  to 
achieve  accurate  measurement  of  signal  group  delay  between  stations.  To 
achieve  few-meter  accuracy,  it  is  proposed  to  extend  the  effective  bandwidth 
to  8.4  GHz  by  resolving  the  cycle  ambiguity  of  the  X-band  carrier.  To  achieve 
this  ambiguity  resolution  it  will  be  necessary  to  increase  the  bandwidth  of 
the  transmitted  signal  to  several  hundred  megahertz,  by  means  of  a new 
wideband  transponder.  A portable,  real-time,  high-precision  phase  extractor 
must  be  developed  for  installation  at  the  tracking  stations.  A data 
processing  system  for  fast  turnaround  of  observations  must  be  developed.  The 
feasibility  of  resolving  the  X-band  cycle  ambiguity  must  be  demonstrated  with 
experiments  on  existing  sources. 

The  delta-VLBI  scenario  can  be  inverted;  that  is,  signals  can  be 
transmitted  from  Earth  with  reception  at  the  two  landed  vehicles  on  Mars. 

This  requires  phase-extracting  receivers  on  the  rover  and  the  lander  and  a 
communication  link  between  the  two.  This  Mars-based  approach  avoids  the 
round-trip  light-time  delay  inherent  in  an  Earth-based  processing  system. 

Related  to  the  inverted  delta-VLBI  approach  is  the  use  of  Global 
Positioning  System  (GPS)  technology.  Multiple-channel  GPS  receivers  could  be 
placed  on  the  rover,  lander,  and  return  vehicle.  Large  existing  Earth-based 
antennas  could  be  equipped  to  transmit  dual-f requency  L-band  signals, 
modulated  by  pseudorandom  noise,  at  suitable  power  levels  for  reception  at 
Mars.  Existing  time  synchronization  at  the  nanosecond  level  would  be  used  to 
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control  the  transmitted  signals  from  Earth.  The  GPS  receivers  on  Mars  would 
not  require  modification,  except  for  changes  in  the  local  data  processing  in 
the  equipment:  instead  of  GPS  satellite  ephemerides,  the  celestial  mechanics 
of  the  Earth-Mars  system  would  be  used. 


1.5  SYNTHESIS  OF  A NAVIGATION  SYSTEM 

The  overall  rover  navigation  system  will  most  likely  make  use  of 
all  three  navigational  approaches  described  above:  inertial  and  dead 

reckoning,  imaging-related,  and  radiometric. 

Starting  from  the  landing  point,  or  some  other  reference  point, 
inertial  navigation  techniques  will  most  likely  be  used  in  the  short  term  to 
provide  estimates  of  vehicle  attitude,  position,  and  velocity  in  a locally 
level  frame.  Inputs  to  these  computations  will  include  attitude  changes  from 
gyros,  three-dimensional  accelerations,  and  integrated  wheel  rotation  angle. 
(The  odometer  is  desirable  for  stabilization  of  the  position  estimate,  but  may 
be  obviated  by  frequent  full  stops  to  dump  accumulated  velocity  and  attitude 
error.)  By  modeling  its  own  navigational  error,  the  rover  will  recognize  when 
it  requires  a position  update.  It  will  then  stop  to  be  reinitialized. 

Updating  the  rover  navigation  system  can  be  accomplished  in  several 
ways.  Radiometric  data,  including  Doppler,  ranging,  and  delta-VLBI,  can 
supply  precise  distances  between  the  lander  and  the  rover  in  Earth-  or 
Mars-centered  coordinates,  which  can  be  converted  to  local  map  coordinates 
through  orbiter  imaging.  A highly  autonomous  update  can  be  obtained  with  an 
onboard  expert  system  that  can  correlate  the  local  scene  with  a horizontal 
projection  of  orbiter  imagery. 
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SECTION  2 


INTRODUCTION 


This  section  of  the  proceedings  of  the  Global  Navigation  Panel 
contains  the  following  introductory  material: 

• Viewgraphs  presented  at  the  opening  plenary  session 

• List  of  panel  members 

The  Navigation  Panel  will  address  the  problem  of  accurately 
determining  the  location  of  the  rover  on  the  surface  of  Mars.  Both  the 
knowledge  of  the  vehicle's  current  position  at  any  time  and  the  (more 
accurate)  reconstruction  of  its  positions  at  previous  times  are  of  interest. 
The  panel  will  explore  various  techniques  (and  combinations  thereof)  that  can 
be  used  for  position  determination,  including 

1.  Earth-based  radiometric  techniques  (Doppler,  ranging,  and 
differential  very— long— baseline  interferometry) 

2.  Landmark  and  star  sighting  using  the  camera  on  board  the  rover 

3.  High-resolution  terrain  mapping  using  the  camera  on  board  the 
orbiter,  with  vertically  observed  images  projected 
horizontally  for  use  by  the  rover 

4.  Mars-based  radiometric  techniques  (such  as  observation  by  the 
rover  of  a signal  generated  by  the  orbiter  or  lander) 

5.  Inertial  and  other  dead-reckoning  techniques 

The  panel  will  seek  to  identify  those  techniques  that  are  most 
promising  and  will  recommend  technology  development  schedules  and  funding 
levels  appropriate  to  the  various  mission  scenarios. 
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SECTION  3 


DISCUSSION 


3.1  INERTIAL  AND  DEAD  RECKONING  TECHNIQUES 

Inertial  and  dead  reckoning  navigation  components  are  members  of  a 
larger  navigation  system.  These  components  provide  short-term  information  on 
the  location  of  the  rover  relative  to  some  initial  or  updated  point.  They 
depend  upon  inertial  and  noninertial  sources  for  initialization  and  periodic 
updating  during  the  course  of  the  roving  mission. 

Advances  in  the  state  of  the  art  will  enhance  the  performance  of 
inertial  and  dead  reckoning  navigation,  but  are  not  mission  enabling. 

Benefits  of  improved  technology  are: 

• Higher  accuracy  in  locating  the  rover 

• Lower  frequency  in  updating  the  inertial  components.  This  is 
important  because  updating  involves  stopping  all  rover  motion 
while  inertial  components  are  recalibrated. 

• Lower  volume  and  mass 

• Improved  data  processing 

• Improved  science  output 

No  other  component  of  the  navigation  system  can  be  eliminated  as  a 
consequence  of  technology  advances  in  inertial  and  dead  reckoning  techniques. 
This  is  because: 

• Degradation  in  position  knowledge  derived  from  inertial  and 
dead  reckoning  components  is  progressive.  Knowledge  must  be 
updated  periodically  from  external  sources.  Improved 
performance  reduces  the  frequency  of  updates  but  does  not 
eliminate  them. 

• Although  latitude  can  be  computed  directly  from  inertial 

measurements,  the  errors  that  will  result  from  predicted 
inertial  performance  may  be  larger  than  permitted  (see 
performance  section  below).  Current  radiometric  or  other 
techniques  can  provide  the  needed  accuracy.  It  is  very 
improbable  that  inertial  technology  can  be  improved  enough  to 
match  current  radiometric  performance. 

• Inertial  and  dead  reckoning  techniques  provide  no  absolute 
measure  of  longitude  or  latitude.  Radiometric  techniques  can 
provide  both  longitude  and  latitude  to  sufficient  accuracy. 
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3.1.1 


Inertial  and  Dead-reckoning  Components 


A wide  variety  of  instruments  could  be  selected.  A baseline  system 
described  below,  using  just  two  of  the  candidates,  is  likely  to  meet  the  most 
stringent  performance  requirements  while  staying  within  the  most  stringent 
mass  budget.  High-  and  low-performance  systems  add  or  substitute  other 
components . 


Baseline  System  Components 

• A strap-down  inertial  reference  unit  which  measures  three 
components  of  body  angular  rate  and  three  components  of 
contact  acceleration  is  required.  More  than  three 
accelerometers  and  more  than  three  gyros  should  be  used  to 
provide  redundancy.  Optical  technology  should  meet  all 
requirements  while  being  free  of  moving  parts.  The  gravity 
measurements  are  important  for  both  science  and  navigation. 

• An  odometer  is  needed,  on  which  consist  of  a wheel  whose 
rotation  is  measured  to  determine  incremental  motion  relative 
to  the  surface.  The  wheel  must  be  nondr iven  to  eliminate 
skidding . 

High-performance  System  Components 

• A gravity  gradiometer  is  added  to  provide  the  3x3  matrix  of 
the  partials  of  contact  acceleration  with  respect  to  the  three 
components  of  position.  This  instrument  is  useful  for 
measuring  the  magnitude  and  location  of  gravity  anomalies. 
Knowledge  of  gravity  anomalies  is  important  scientifically  and 
can  be  used  to  correct  other  inertial  measurements. 

• A three-axis  stabilized  platform  could  be  substituted  for  the 
strap-down  inertial  reference  system  of  the  baseline  system 
above.  This  approach  would  require  mechanical  components  and 
greater  mass. 

• An  optical  odometer  could  be  developed  based  on  plotting  the 
motion  of  the  surface  on  a charge-coupled  device  (CCD) 
sensor.  This  is  a new  technology  item  being  proposed  by  this 
workshop. 

Low-Performance  System  Components 

• A single  pendulous  gyrocompass  could  substitute  for  the 
three-axis  strap-down  gyroscopes.  Performance  in  an  Earth 
environment  is  at  least  0.1°  at  the  equator.  This  cannot 
provide  azimuth  in  a polar  mission. 
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3.1.2 


Techniques  and  Performance 


The  subsections  below  describe  the  functions  performed  using  the 
inertial  and  dead-reckoning  components.  Performance  computations  are  based  on 
worst— case  predictions  of  the  performance  of  inertial  components  on  a Mars 
sample  return  mission  in  1995.  The  predictions*  provided  by  Jerold  Gilmore  of 
the  C.S.  Draper  Laboratory  in  a personal  communication  on  June  10,  1985  are: 

• Accelerometer  bias:  300  micro  Earth  g = 2.94E— 3 m/s^ 

• Gyro  bias:  0.1  degree/hour 

Locating  the  Vertical  Axis 

The  vertical  axis  is  measured  as  the  direction  of  the  contact 
acceleration  vector  when  the  rover  is  at  rest.  The  error  is 

VERTICAL  ERROR  = 2.94E-3  / 3.73  = 7.88E-4  RADIAN, 

where  the  numerator  is  the  accelerometer  bias  error  and  the  denominator  is 
Mars  surface  gravity. 

Locating  the  Polar  Axis 

The  polar  axis  is  measured  as  the  direction  of  the  rover  angular 
rotation  vector  when  it  is  at  rest.  The  error  is 

POLAR  ERROR  = 0.1  / 14.621  = 6.84E-3  RADIAN, 

where  the  numerator  is  the  gyro  bias  error  and  the  denominator  is  the  Mars 
rotation  rate. 

Measuring  North 

North  is  the  projection  of  the  pole  into  the  plane  normal  to  the 
vertical.  The  error  is 

NORTH  ERROR  = 6.84E-3  / COS (LATITUDE ) RADIAN, 

where  the  numerator  is  the  polar  error. 

Measuring  Latitude 

Latitude  is  the  complement  of  the  angle  between  the  vertical  and 
polar  axes.  The  error  is 

LATITUDE  ERROR  = RSS  (7.88E-4,  6.84E-3)  = 6.88E-3  RADIAN 
= 23.3  km  (Mars  radius  = 3.3884E+6  m), 

where  the  components  are  the  vertical  and  polar  errors. 
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Dead  Reckoning 


Deductive  (dead)  reckoning  is  the  process  of  maintaining  continuous 
knowledge  of  location  relative  to  some  starting  point  by  keeping  track  of  all 
motions.  Dead  reckoning  is  normally  implemented  by  plotting  motions  on  a map 
of  the  local  terrain.  Landmarks  may  also  be  plotted  on  the  map  and  may  be 
used  subsequently  for  correcting  dead  reckoning  errors. 

Motions  can  be  plotted  either  by  doubly  integrating  accelerometer 
measurements  or  by  measuring  surface  motion  using  the  odometer. 

Errors  are  due  to  errors  in  the  direction  of  north,  accelerometer 
errors,  and  errors  in  the  odometer. 

North  (or  azimuth)  errors  were  estimated  in  a previous  subsection. 

Accelerometer  errors  are  accumulated  during  intervals  between 
recalibration. 

Odometer  errors  can  result  from  slipping  and  from  slopes  and  steps 
in  the  path  of  the  wheel.  Errors  due  to  knowledge  of  the  wheel  diameter 
should  be  negligible. 

Dead-reckoning  errors  are  highly  dependent  upon  updating  frequency 
and  strategy,  as  described  in  the  next  section. 


3.1.3  Updating  and  Recalibration 

Periodically  the  inertial  system  must  be  updated  and  recalibrated. 
Updating  consists  of  replacing  the  state  derived  inertially  with  a more 
accurate  measurement  from  noninertial  sources.  Recalibration  consists  of 
stopping  all  rover  motion  for  an  interval  sufficient  to  assess  the  rest 
outputs  of  the  inertial  sensors.  The  more  frequently  the  inertial  system  is 
recalibrated  the  smaller  the  errors  due  to  doubly  integrating  accelerometer 
bias. 


The  more  frequently  the  inertial  system  is  recalibrated  the  lower 
are  the  resulting  errors.  A recalibration  schedule  for  providing  high 
performance  might  be  once  every  five  minutes,  for  a duration  of  one  minute. 
The  resulting  performance  remains  to  be  determined. 

Measurement  sources  for  updating  the  inertial  system  include: 

• Radiometric 

• Map  matching  and  image  correlation 

• Optical  ranging  from  the  mother  craft  or  the  orbiter 

• Radar  ranging 
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Stellar  updates  of  platform  attitude 
Gravity  measurements 


3.2  IMAGING-RELATED  NAVIGATIONAL  TECHNIQUES 

3.2.1  On-board  Computer  Data  Integration  and  Topographic  Information 

Extraction  (ODIIE) 

The  rover  has  the  problem  of  knowing  its  x,y  position,  the  position 
of  topographic  features  around  it,  and  the  position  of  its  desired 
destination.  In  addition,  the  rover  must  know  its  elevation  (z  value),  the 
elevation  of  features  around  it,  and  the  elevation  gradients  involved  in 
reaching  its  desired  destination.  This  data  should  be  derivable  from 
vision-based  stereo  imaging  and  correlation  with  Viking  Orbiter  and  Mars 
Observer  (MO)  image  maps,  and  near-time— real  processing  with  Mars  Orbiter 
data.  The  data  must  also  correlate  with  the  rover's  inertial  and  radio-based 
guidance  systems.  The  primary  mission  driver  for  this  capability  is  to 
maximize  the  rover's  autonomy  by  minimizing  earth-based  supervision  of  local 
path  selection,  time  utilization,  and  resource  (power)  utilization. 

Topographic  science  objectives  are  also  maximized. 

There  are  three  fundamental  technologies  involved  in  solving  the 
rover’s  local  and  regional  navigation  and  positioning  requirements:  image 

correlation  and  mapping,  terrestrial  (horizontal)  photogrammetry , and  on-board 
data  integration  and  topographic  information  extraction  (ODIIE).  The  image 
correlation  and  mapping  component  contains  several  subtechnologies  separately 
addressed  by  Batson,  Bryant,  and  Synnott.  Assuming  these  technologies  are 
achieved,  then  prior  to  landing,  a large  integrated  Mars  database  should  exist 
containing: 


1.  An  800-m  resolution  United  States  Geological  Survey  (USGS) 
Viking  Orbiter  photomosaic  of  Mars  with  local  positional  accuracy 
of  800  m in  a zone  +40  degrees  of  the  equator  and  +3  km  elsewhere, 
regional  positional  accuracy  of  +3  km,  and  an  elevational  accuracy 
of  +50  m. 

2.  A 230-m  resolution  USGS  Viking  Orbiter  photomosaic  of  the 
equatorial  regions  with  local  positional  accuracy  of  230  m and 
regional  positional  accuracy  of  +3  km. 

3.  Local  detail  maps  of  8-  to  20-m  resolution  and  accuracy  (where 
Viking  Orbiter  data  permit). 

4.  Local  Mars  Observer  photomosaics  of  1-  to  2-m  resolution  and 
accuracy,  with  point  elevation  values  (altimeter  data)  of  1-  to  2-m 
resolution  and  +500  m positional  accuracy. 

After  landing.  Mars  Orbiter  photomosaics  similar  to  item  4 above 
would  become  available  on  a near-real-time  basis,  assuming  resolution  of  the 
technology  issues  raised  by  Batson,  Bryant,  and  Synnott. 
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The  second  fundamental  technology  issue,  terrestrial  (horizontal) 
photogrammetry,  involves  the  use  of  stereo  imaging  cameras  on  board  the  rover 
to  calculate  the  x,y  position  and  z value  (elevation)  of  local  features  in  its 
field  of  view*  This  technology  is  fairly  mature,  but  requires  rigorous 
verification  and  testing  for  accuracy  assessment,  given  the  rover's  unique 
situation  and  requirements. 

The  third  fundamental  technology  issue  is  the  onboard  data 
integration  and  topographic  information  extraction  (ODIIE)  system.  ODIIE  is  a 
massive,  spatial  database  system  which  integrates  the  local  and  regional  x,y,z 
data  to  provide  the  rover  with  information  about  where  it  is,  what  topographic 
features  are  around  it,  and  what  topographic  features  are  between  it  and  its 
destination.  With  this  information,  the  rover  can  extend  its  autonomy  to  move 
about  rapidly  with  minimal  earth-based  guidance.  ODIIE  prepares  regional 
information  (point  A to  B position  and  route  planning)  from  its  database  of 
precorrelated  Viking  Orbiter  and  Mars  Observer  photomosaics,  updated  with  Mars 
(MRSR)  Orbiter  photomosaic  data.  This  regional  information  is  integrated  with 
the  terrestrial  photogrammetry  system  to  produce  local  position  and  route 
planning  information.  ODIIE  integrates  the  local  and  regional  information  in 
real  time,  continuously  updating  its  database  to  produce  an  increasingly  more 
detailed  "map"  of  its  current  and  destination  topographic  environment. 

The  basic  subtechnology  for  ODIIE  is  a real-time,  query, 
self-learning,  problem-solving,  spatial  (geographic)  computer  processing 
system.  Such  a system  would  likely  be  based  on  a "neural  net"  computer 
architecture  operating  within  a concurrent  (parallel)  processing  system.  The 
system  concept  is  to  operate  in  a manner  similar  to  that  of  neurons  in  the 
human  brain.  Preliminary  (non-spatial ) neural  net  systems  are  currently  at 
the  technology  readiness  of  Levels  1 through  3.  Spatial  systems  are  at 
Level  1.  The  DoD  is  actively  funding  research  in  this  and  related  technology 
areas,  with  Level  5 technology  readiness  more  likely  in  1995  than  in  1993. 

The  DoD  research  should  be  watched  carefully,  with  parallel  NASA  research  to 
address  the  rover's  more  specific  requirements,  and  to  examine  alternative 
technologies.  Related  spatial  data  integration,  correlation,  and 
interrogation/query  subtechnologies  are  fairly  advanced,  but  need  further 
investigation. 

The  ODIIE  concept  also  contains  an  implicit  capability  for 
assisting  in  general  science  analysis,  development  of  science  models  and 
hypotheses,  and  identification  of  interesting  anomaly  sites  for  potential 
visitation  and  investigation. 


3.2.2  Computation  and  Hardware  Advances 

Primarily,  advances  are  needed  in  computation  rather  than  in 
optical  hardware. 

As  discussed  in  the  workshop,  the  data  processing  techniques 
required  to  extract  high  accuracy  (1-m)  topography  from  near-vertical  orbiter 
imaging  (also  at  the  1-m  accuracy  level)  must  be  developed,  automated,  and 
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verified.  Concepts  for  doing  this  exist,  but  the  accuracies  achievable  must 
be  ascertained  from  simulations.  The  total  number  of  orbiter  pictures 
required  to  cover  a rover  tour  area  may  be  large  and  so  the  process  must  be 
automated  far  beyond  the  current  methodology,  which  is  very  analyst-intensive. 

Onboard  the  rover,  automated  correlation  of  an  expected  scene  with 
the  actual  scene  may  be  highly  desirable  to  allow  extension  of  the  time  or 
path  intervals  over  which  the  rover  motion  can  be  left  unattended.  Algorithms 
for  automated  scene  correlation  must  be  developed  and  rigorously  verified. 

In  the  spacecraft  hardware  area,  the  number  of  pictures  required 
from  the  Mars  Rover  orbiter  may  be  fairly  large  (in  the  thousands)  to  allow 
1-m  maps  to  be  made.  Therefore  the  highest  possible  bit  rates  from  the 
orbiter  are  desirable  to  allow  acquisition  of  the  required  data  in  only  a few 
weeks  at  most. 


3.2.3  Optical  (Global)  Navigation 

Optical  navigation  includes  correlation  of  stereoscopic  images 
taken  by  the  lander  with  stereoscopic  images  taken  by  the  orbiter.  Images 
taken  by  the  rover  will  be  excessively  foreshortened  and  difficult  to 
interpret  as  distance  from  the  rover  increases.  Distinctive  skyline  profiles 
may  be  identifiable  on  images  taken  from  orbit,  but  more  gentle  features  in 
the  "mid-field"  (between  about  10  m and  1 km  from  the  rover)  may  be  nearly 
impossible  to  correlate  with  orbiter  images. 

Distinctive  features  (sharp  craters,  large  rocks,  etc.)  imaged  by 
the  rover  within  about  10  m of  the  rover,  if  they  are  large  enough  to  be 
recognized  on  orbiter  images,  will  provide  the  most  accurate  possible 
verification  of  the  relative  position  of  the  traverse.  This  accuracy  can  only 
be  exceeded  by  locating  the  image  of  the  rover  and/or  its  tracks  on  images 
taken  from  orbit. 

It  is  important  that  the  rover  take  stereoscopic  images  so  that 
distances  to  landmarks  (and  their  sizes)  can  be  accurately  measured.  These 
stereoscopic  images  will  also  be  essential  for  scientific  interpretations  and 
sample  documentation.  It  is  important  that  stereoscopic  images  of  the  rover 
traverse  be  taken  from  orbit  because  stereoscopy  increases  interpretability 
and  identification  of  landforms  by  at  least  an  order  of  magnitude.  It  also 
allows  accurate  measurement  of  slopes  that  might  affect  traverse  planning. 

Experience  with  Surveyor,  Apollo  and  Viking  has  demonstrated  that 
image  resolution  of  approximately  one  m/pixel  is  required  for  adequate  optical 
tracking  of  a surface  traverse  from  orbit.  Viking  did  not  have  this 
resolution,  and  several  months  of  intensive  examination  of  images  and  other 
data  were  required  to  provide  a rather  tenuous  identification  of  the  Viking  1 
landing  site.  Viking  2 was  never  located.  Identification  of  landed  vehicles 
(and  under  proper  illumination  their  tracks),  was  demonstrated  on  Apollo,  wit 
l-m  resolution  panoramic  camera  pictures  taken  from  orbit.  Positive 
identification  of  landed  vehicles  can  be  provided  by  optical  reflectors  on  the 
vehicles,  oriented  by  a simple  computer  system  to  reflect  the  sun  into  the 
lens  of  an  orbiting  spacecraft. 
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There  is  a continuing  problem  with  absolute  locations  on  Mars.  An 
image  with  one  m/pixel  shows  the  dimensions  and  spacing  of  features  within 
that  frame  to  an  accuracy  of  about  one  meter.  There  is  no  guarantee,  however, 
these  features  can  be  located  within  3 to  5 km  with  respect  to  the 
^artisn  prime  meridian,  because  this  is  the  standard  error  of  current  mapping 
done  with  Viking  data.  Accurate  determination  of  the  Mars  Observer  orbits  and 
of  the  MRSR  orbit  would  allow  the  Viking  horizontal  datum  to  be  improved  to 
one  km  or  less.  This  can  be  accomplished  with  state-of-the-art  techniques 
through  VLB I ranging  and  other  radio  tracking  methods. 


Stereoscopic  imaging  from  orbit  can  be  done  by  aiming  the  camera  at 
the  landing  site  from  two  or  more  points  in  space.  These  can  be  "fore"  and 
views  from  two  points  in  the  same  orbital  track,  or  they  can  be  taken 
from  different  orbital  revolutions.  It  is  important  that  the  lines  of  sight 
from  the  two  stations  converge  at  an  angle  of  10°  to  60°.  The  larger  the 
convergence,  the  greater  the  potential  accuracy  of  stereoscopic  measurement  of 
local  topography. 

Accurate  orbital  determinations  are  required  to  calibrate 
stereoscopic  measurement . 

It  is  conceivable  that  the  Mars  Observer  (MO)  spacecraft  (1992 
launch)  could  be  used  to  make  stereoscopic  surveys  of  MRSR  sites  by  tilting 
the  imaging  system  as  described  above.  Comprehensive  stereoscopic  surveys  of 
several  potential  MRSR  sites  could  very  well  overtax  the  observer  mission 
profile,  however,  and  jeopardize  its  goal  of  comprehensive  Mars  global  surveys. 

The  MO  altimeter  will  provide  the  first  comprehensive  survey  of 
Mars  topography,  and  will  provide  a vital  regional  calibration  to  stereoscopic 
surveys  of  the  actual  landing  site  made  by  the  MRSR  orbiter. 

No  new  technology  is  required  for  optical  navigation  of  the  MRSR 
lander.  A very  considerable  development  effort  is  required,  however,  to 
coordinate  the  gathering  of  orbital  tracking  data,  MRSR  orbital  imaging,  MRSR 
surface  imaging,  and  MRSR  inertial  guidance  data.  Each  of  these  systems  has 
strengths  and  weaknesses.  Properly  combined,  they  can  provide  the  most 
precise  scientific  survey  of  part  of  another  planet  that  has  yet  been 
accomplished. 

Navigation  required 

• To  drive  to  preplanned  stations 

• To  avoid  hazards  of  regional  extent  not  visible  to  rover 

• To  drive  rover  to  sample  return  vehicle 

Optical  Navigation 

• Stereoscopic  images  from  orbit  (1  m/pixel) 

• Stereoscopic  images  from  rover  (<.l  mr  resolution) 

• Accurate  orbital  determinations  vital  to  control  optical 
navigation  (VLBI,  etc.) 

• Active  reflectors  on  landed  spacecraft  provide  unambiguous 
identification  from  orbit 
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Development  Required 
Methods  For: 


• Efficient  and  timely  correlation  of  optical  navigation  with 
VLBI  and  inertial 

• Improvement  of  topographic  datum  of  Mars 

• Improvement  of  planimetric  datum  (i.e.,  location  with  respect 
to  prime  meridian)  of  Mars 

• Mars  observer  mission  data  important  to  MRSR  mission  planning 

Accurate  navigation  of  the  rover  is  required  in  order  to  insure: 

1.  That  the  rover  reaches  pre-planned  stations  at  which  intensive 
scientific  observation  and  sampling  will  be  done. 

2.  That  the  rover  does  not  travel  to  some  location  from  which  it 
cannot  return  to  the  sample-return  shuttle  (e.g.,  that  it  does 
not  travel  downhill,  over  what  might  be  a long  but  gentle 
slope,  and  not  have  enough  power  to  climb  back  up  that  slope). 

3.  That  the  rover  can  find  the  sample-return  shuttle  after  its 
sampling  traverse  is  completed. 

4.  That  the  rover  can  continue  to  follow  specified  traverses 
during  an  extended  mission  after  the  sample-return  shuttle  has 
departed. 

3.3  VLBI  FOR  MARS  ROVER  NAVIGATION 

The  Mars  Rover  and  Lander  will  provide  two  radio  signals  which, 
when  viewed  from  earth,  will  have  very  small  angular  separations: 

<1  marcsec.  These  two  signals  (and  that  of  the  orbiter  as  well)  will  sit  well 
within  the  main  beam  of  a 70-m  tracking  station  at  X-band.  This  will  offer  an 
unusual  opportunity  to  perform  differential  very-long -base line  interferometry 
(delta  VLBI)  with  extraordinary  accuracy.  Observing  simultaneously  from  two 
4,000  km  baselines  in  (for  example)  North  America,  it  will  be  possible  to 
determine  the  two-dimensional  (2-d)  vector  between  the  rover  and  the  lander 
with  an  accuracy  of  about  2 m,  no  matter  what  their  separation,  with  an 
observation  lasting  less  than  60  seconds. 

Delta  VLBI  is  a technique  of  radio  astronomy  that  can  be  used  to 
precisely  measure  the  angular  separation  of  two  signal  sources.  Two  (or  more) 
widely  separated  tracking  stations  are  used  at  once  to  observe  the  sources. 

The  signal  delay  in  arriving  at  the  two  stations  is  measured  for  both 
signals.  The  measured  difference  between  the  delays  gives  the  angular 
separation  of  the  sources.  The  angular  separation  can  be  converted  to  linear 
separation  from  the  known  distance  to  Mars.  Two  earth  baselines  can  provide 
the  2— d plane— of-sky  vector  between  the  sources.  The  third  dimension  can  be 
inferred  from  a model  of  the  Mars  surface  or  can  be  measured  by  direct  ranging. 
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Current  VLBI  tracking  technology  uses  a wide  bandwidth  (40  MHz)  to 
achieve  accurate  measurement  of  signal  group  delay  between  stations.  Using 
this  bandwidth,  accuracy  at  Mars  would  be  a few  hundred  meters.  To  achieve 
few-meter  accuracy  it  is  proposed  to  extend  the  effective  bandwidth  to  8.4  GHz 
by  resolving  the  cycle  ambiguity  of  the  X-band  carrier.  This  will  improve  the 
precision  by  a factor  of  more  than  200.  To  achieve  this  ambiguity  resolution 
it  will  be  necessary  to  increase  the  transmitted  signal  bandwidth  to  several 
hundred  megahertz. 

In  addition  to  directly  measuring  the  rover-lander  vector,  delta 
VLBI  can  indirectly  aid  rover  navigation  by  establishing  very  precisely  (about 
1 km)  the  absolute  positions  of  the  rover  and  lander  on  Mars  and  the  Mars 
ephemeris  in  the  inertial  reference  frame  defined  by  very  distant 
(extra-galactic)  radio  sources.  This  requires  alternate  observations  of  the 
vehicles  and  a distant  source,  typically  a quasar.  Finally,  delta  VLBI  can 
provide  few-meter  determination  of  the  rover  with  respect  to  the  orbiter,  and 
thereby  improve  orbiter  tracking.  It  should  be  possible  to  turn  around  an 
observation,  that  is,  produce  a position  measurement  from  the  raw  observation, 
in  less  than  30  minutes. 

To  achieve  these  capabilities,  several  areas  of  current  technology 
must  be  extended.  A new  wideband  transponder,  preferably  with  a maximum  tone 
separation  of  400  MHz,  must  be  developed  for  each  vehicle  to  be  observed. 
Details  of  the  frequencies  and  signal  structures  to  be  used  must  be 
determined.  (It  is  most  feasible  to  place  the  widest  bandwidth  signal  at 
Ka-band  and  to  use  that  signal  for  X-band  ambiguity  resolution.)  A portable, 
real-time,  high-precision  phase  extractor  must  be  developed  for  installation 
at  the  tracking  stations.  This  would  be  a straightforward  adaptation  of 
existing  GPS  receivers  which  have  the  requisite  performance  characteristics. 
The  data  processing  system  for  fast  turnaround  of  the  observations  must  be 
developed.  Finally,  the  feasibility  of  resolving  the  X-band  cycle  ambiguity 
must  be  demonstrated  with  experiments  on  existing  sources. 

The  delta  VLBI  scenarios  can  be  inverted,  i.e.,  transmitted  from 
the  Earth  and  received  at  the  two  landed  vehicles  on  Mars.  The  accuracy  of 
the  angular  measurement  is  identical  to  the  original  scenarios.  This  requires 
phase  extracting  receivers  on  the  rover  and  lander,  and  a communications  link 
between  the  rover  and  lander.  The  processing  (phase  differencing)  would  be 
done  on  Mars  rather  than  the  Earth.  Advantage:  The  rover  can  have  a 

measurement  of  two  components  of  the  lander-rover  vector  without  the  round 
trip  light  time  delay  inherent  in  an  earth— based  processing  system. 

Technologies  required: 

Receivers : flight-hardened,  GPS-type  receivers  able  to  receive 

three  frequencies  simultaneously,  extract  phase  differences,  and 
resolve  ambiguities. 

Communication  Link:  A lone  data  rate  link  is  needed  between  the 

lander  and  rover  to  transmit  the  differenced  phase  from  the  lander 
to  the  rover  (or  vice  versa). 
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Onboard  Processing:  The  rover  (or  lander)  needs  the  capability  to 
update  the  estimate  of  the  position  vector  (relative  rover-lander) 
and  transmit  this  information  to  earth. 


3.3.1  Description 

The  technique  of  obtaining  differential  Global  Positioning  System 
(GPS)  measurements  has  been  developed  for  precise  geodetic  surveying,  and  was 
field  tested  in  Western  Europe  and  the  U.S.  using  the  existing  satellite 
constellation.  In  the  presence  of  an  adequate  constellation,  three- 
dimensional  surveys  have  been  generated  which  are  competitive  with  the  more 
conventional  techniques.  Plans  are  proceeding  to  accommodate  the  technique 
into  national  surveys.  The  technique  is  a modification  of  VLBI  procedures. 

The  observables  available  are  functions  of  instantaneous  ranges  between 
satellites  and  ground  stations  and  their  time  derivatives;  these  quantities 
reflect  the  relative  geometry  of  the  ground  stations  and  the  satellites.  GPS 
receivers  separated  from  one  another  use  selected  observables  along  with  their 
observational  errors  to  define  the  baseline  between  them  to  a high  level  of 
precision;  the  technique  permits  common  uncertainties  to  be  removed  by 
subtraction  or  differencing.  From  the  geometrical  view,  all  differential  GPS 
measurements  may  be  classified  either  as  differential  ranges  or  differential 
range  differences;  mathematically,  differential  ranges  have  more  geometrical 
strength  than  differential  range  differences. 

Utilizing  VLBI  nets  in  an  active  (transmitting)  mode  as  a 
substitute  for  the  GPS  satellite's  constellation,  it  is  proposed  to  modify 
three  GPS  multiple-channel  receivers  for  use  on  the  surface  of  Mars;  the 
receivers  will  be  mounted  on  the  return  vehicle,  the  landing  vehicle,  and  the 
rover.  It  is  proposed  that  the  three  modified  receivers  be  used  in  the 
differential  range  mode.  Two  rather  significant  modifications  must  be 
contemplated.  The  VLBI  observatories  must  be  equipped  to  transmit  dual  L-band 
pseudo  random  noise  (PRN)  modulated  signals  at  a suitable  power  level  for  Mars 
GPS  receivers.  Existing  time  synchronization  at  the  nanosecond  level  will  be 
utilized  to  control  the  transmitted  signals  from  Earth.  The  GPS  receivers  on 
Mars  will  not  require  modification  but  the  local  data  processing  included  in 
the  equipment  must  be  modified;  instead  of  satellite  ephemerides,  the 
celestial  mechanics  of  the  Earth-Mars  system  must  be  provided.  The 
exploitation  of  the  existing  time-coded  GPS  signals  from  a synchronized-time 
source  of  VLBI  oscillators  permits  the  existing  GPS  techniques  to  be  used  even 
at  interplanetary  ranges.  TOPEX  has  developed  a highly  refined  GPS 
multichannel  receiver  which  should  be  considered  as  a model  for  use  on  Mars. 
Metric  positioning  precision  should  be  available  on  Mars. 

It  should  also  be  realized  that  the  electromagnetic  transmission  of 
rigidly  controlled  frequency  and  time  signals  between  Earth  and  Mars  for 
periods  greater  than  a year  will  be  in  the  plane  of  the  ecliptic  and  must 
include  solar  conjunction.  Such  ingredients  provide  an  ideal  recipe  for 
refining  one  or  more  of  the  tests  of  the  general  theory  of  relativity. 
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SECTION  4 


SUMMARY  AND  CONCLUSIONS 


4.1  GLOBAL  NAVIGATION 

The  rover  navigation  task  starts  before  landing,  with  detailed 
mapping  of  the  surface.  This  information  is  essential  for  determining  and 
describing  desirable  landing  sites  in  enough  detail  to  quantify  landing  safety 
and  geological  interest.  The  same  information  is  used  to  define  rover 
traverses  (surface  map  coordinates,  landmarks).  Earth-based  operations  will 
define  the  transformation  from  inertial  (orbit-based)  coordinates  to  the  local 
level  in  the  vicinity  of  the  landing  site. 

Once  landed,  the  rover  will  use  its  inertial  instruments  to 
determine  its  attitude  in  the  local  level  frame  (gravity  and  rotational  pole 
directions).  The  rover  imaging  system  will  provide  stereo  views  of  the  local 
terrain  for  Earth-based  correlation  with  available  maps,  thus  determining  the 
location  of  the  landing  site.  Earth-based  Doppler  measurements  of  the  rover 
COMM  carrier  and  orbiter-rover  ranging  can  also  be  used  to  help  locate  the 
site  (the  latter  requires  that  orbiter  ephemeris  be  constantly  updated  through 
landmark  navigation). 

Once  initialized  in  local  level  position  coordinates  on  the  map, 
the  rover  can  autonomously  navigate  a traverse  toward  a target  location 
identified  in  map  coordinates.  In  the  short  term  it  will  use  standard 
inertial  navigation  techniques  to  maintain  its  knowledge  of  attitude, 
position,  and  velocity  in  the  local  level  frame,  including  propagation  of  the 
covariance  of  this  knowledge.  Inputs  to  this  computation  include  attitude 
changes  from  gyros,  three-dimensional  accelerations,  and  integrated  wheel 
rotation  angle  (if  the  rover  is  a walker  it  may  require  an  odometer  wheel). 

The  odometer  is  desirable  for  stabilization  of  the  position  estimate,  but  this 
may  be  obviated  by  frequent  full  stops  to  dump  accumulated  velocity  and 
attitude  error.  By  modeling  its  own  navigational  error,  the  rover  will 
recognize  when  it  requires  a position  update.-  It  will  then  stop  to  be 
re-initialized. 

Updating  the  rover  navigation  system  can  be  accomplished  in  several 
ways.  Earth-based  radiometric  techniques  (including  ranging,  Doppler,  and 
differential  VLBI)  can  supply  precise  distances  between  lander  and  rover  in 
Earth-  or  Mars-centered  coordinates,  which  can  be  converted  to  local  map 
coordinates  through  orbiter  imaging.  A highly  autonomous  update  can  be 
obtained  with  an  onboard  expert  system  which  can  correlate  the  local  scene 
with  horizontal  projection  of  orbiter  imagery.  The  latter  may  require 
self-initiated  traverses  to  add  scene  changes  to  the  correlation  process  until 
solution  confidence  is  high  enough  to  proceed.  If  the  orbiter  were  assisted 
by  another  orbiting  craft,  dual  ranging  to  the  rover  could  provide  sufficient 
position  information. 
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The  last  navigation  task  will  be  to  bring  accumulated  samples  to 
the  sample  return  vehicle.  This  will  be  either  the  lander  that  brought  the 
rover,  or  an  independent  craft.  If  the  former,  it  is  the  reference  point  for 
the  rover  local  map  reference  frame,  and  is  approached  like  any  other 
traverse,  since  they  are  all  described  in  that  frame.  If  an  independent 
craft,  it  must  first  be  described  in  the  local  map  frame  through  the  same 
processes  used  to  identify  the  initial  rover  landing  site.  Thus,  rover 
navigation  is  the  same  for  either  case. 
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SECTION  5 


PRESENTED  MATERIALS 
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< > 1 NERTIAL  AND  OTHER  DEAD— RECKONING 

f > GYROS  AND  ACCELEROMETERS 
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INERTIAL/DEAD  RECKONING  SYSTEM 

0 ARCHITECTURE  DEPENDS  ON  ACCURACY  REQUIREMENT 

(lOOOM,  100M,  10M) 

0 ACCURACY  DEPENDS  ON  INSTRUMENT  QUALITY  AND 
UPDATE  STRATEGY 

0 THREE  EXAMPLE  SYSTEMS  (LOW,  MID,  HIGH 

ACCURACY) 

0 ALL  SYSTEMS  REQUIRE 

o CLOCK 

o ODOMETER/VELOCITY  METER 


0 LOW-LEVEL  SYSTEM  (20M/KM  2M/KM  ACCURACY) 


GYRO  COMPASS 

o PENDULOUS  GYRO  OR  SIMPLE  3-AXIS  IMU 


UPDATES 

o ZERO-VELOCITY  UPDATES 

o RADIOMETRIC/MAP  TECHNIQUES/OPTICAL 

RANGING/RADAR  RANGING 
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0 MID-LEVEL  SYSTEM  (5M/KM-0.1M/KM  ACCURACY) 

o STRAP  DOWN  IMU 

o IRON  OR  LASER  GYROS 

o GRAVIMETER  QUALITY  ACCELEROMETERS 

o UPDATES  TECHNIQUES  AS  ABOVE 

o VECTOR  GRAVITY  SCIENCE 


0 HIGH-LEVEL  SYSTEM  (<  0.2M/KM  ACCURACY) 

o LOCAL-LEVEL  STABILIZED  IMU 

o EXCELLENT  QUALITY  INSTRUMENTS 

o GRAVITY  G RADIOMETER 

o UPDATE  TECHNIQUES  AS  FOR  MID-LEVEL  SYSTEM 

o STAR  TRACKER 

o TENSOR  GRAVITY  SCIENCE 
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GOOD  INERTIAL  NAVIGATION  CAN  CONTRIBUTE  A 
GRAVITY  SCIENCE  CAPABILITY 

0 I MU  SENSITIVE  TO  GRAVITY  ANOMALIES 

0 GRAVIMETER  PROVIPES  |§l 

0 GRADIOMETER  PROVIDES  [§f  ] 

0 INSTRUMENTS  PROVIDE  INDICATION  OF  SUBSURFACE 

GEOLOGY  AS  WELL  AS  GOOD  NAVIGATION 


TECHNOLOGY  GOALS 
0 ODOMETER  IN-HAND 

0 VELOCITY  METER  IF  WHEEL  NOT  APPROPRIATE 

o OPTICAL,  SONAR,  EM  TECHNIQUES? 

o ACCELEROMETERS 

0 PENDULOUS  GYRO 

o MINIATURIZATION 

0 STRAPDOWN/LOCAL  LEVEL  IMUs 
o IRON  GYROS  IN-HAND 

o LASER/FIBER  OPTIC  GYROS 

o SOME  POSSIBLY  GOOD  DEVICES  NEED 
FURTHER  DEVELOPMENT 
o ACCELEROMETERS  IN-HAND 

0 GRAVIMETER 

o USED  ON  LUNAR  ROVER 

0 GRAVITY  GRADIOMETER 

o NEEDS  FURTHER  DEVELOPMENT, 

MINIATURIZATION 
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TECHNOLOGY  GOALS  (CONT.) 


0 STELLAR  UPDATE  CAPABILITY 

o POINTABLE  MULTI-FUNCTION  STAR  TRACKER 

0 LASER  RANGING 

0 SYSTEM  TRADES 


OPTICAL  (VISION)  NAVIGATION 
PROBLEMS 

0 KNOWLEDGE  OF  CURRENT  Xr  Y.  Z ROVER  POSITION 
0 KNOWLEDGE  OF  SURROUNDING  TOPOGRAPHIC  FEATURE 
POSITIONS  AND  RELATIVE  ELEVATION 

0 KNOWLEDGE  OF  ELEVATION  GRADIENTS  AND  FEATURES 
BETWEEN  CURRENT  AND  DESTINATION  LOCATIONS 

0 INTEGRATION  OF  OPTICAL  AND  INERTIAL  GUIDANCE 
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OPTICAL  (VISION)  NAVIGATION 
REQUIREMENTS 

0 ORBITAL  STEREOSCOPIC  IMAGING  OF  1M/PXL 

0 ROVER  STEREOSCOPIC  IMAGERY  OF  <.1MR/PXL 
FROM  ALTITUDE 

0 ACCURATE  ORBITAL  DETERMINATIONS  (E.G.  VLBI) 

0 ACTIVE  REFLECTORS  ON  ROVER  FOR  ENHANCED  ORBITAL 
IDENTIFICATION 


OPTICAL  (VISION)  NAVIGATION 
FUNDAMENTAL  TECHNOLOGY  ISSUES 

0 IMAGE  CORRELATION  AND  MAPPING 

0 CONTROL  OF  MARS  TOPOGRAPHIC  & PLANIMETRIC  DATUM 
0 CONTROL  OF  INSTABILITIES  IN  OBSERVER/ORBITER 
VIA: 

COMBINATION  OF  WIDE  AND  NAROW  FIELD  CAMERAS 
IMAGE  MIRROR  SPLITTING  FOR  SIMULTANEOUS  FORE 
AND  AFT  VIEWING 
. PRECISION  ALTITUDE  TRACKING 
0 SCENE  "CHIP"  CORRELATION/MATCHING 
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FUNDAMENTAL  TECHNOLOGY  ISSUES  (CON'T.) 

0 TERRESTRIAL  STEREOGRAMMETRY 

0 ERECTABLE  ROVER  MAST  WITH  TV  CAMERAS 

0 ON-BOARD  DATA  INTEGRATION 

0 INTEGRATE  OBSERVER/ORBITER  TOPOGRAPHIC  DATA 
WITH  GROUND  STEREOGRAMMETRY 
0 LOCAL  AND  REGIONAL  POSITION/ELEVATION 
0 NEURAL  NET  COMPUTING  ARCHITECTURE 
. SELF  LEARNING 
. PROBLEM  SOLVES 
. INTELLIGENCE 

0 INTEGRATE  OPTICAL  AND  INERTIAL  GUIDANCE 


Radio  ftcrnic  fioven.  aMv 


• Use  o a rom 

• Aoy^a-Laa/o**  a-o  vrc roiy  Mere*  -tevcL  AetopAcy 

• Rove*  t lam  or  a Anjotwrr  pcs  ztzon  wm  ; AccvMCY 

• Rovrfi  - O+Arrm  ppsjrx ©A/  ojttH  Mtrfx-LGvtt,  accuracy 
m Ppecjse  PAH6XAIC  foA  THI»0  CortPoNgMT  CP 

Roue*  - lam  oca  i/rcroA 


• i*  VAkrArroAts 

* r^vrATTO  1/10Z  — TkANihZTTTHt  F*CM  FAfir* , AftWWMC 
B kkPCWSSXMC  ON  A*AMS;  SAVWS  A.T.  CTC/lT  TxM* 

* OoAit-  CPS  jre«4is  B*M0c«r  r/4flrW . 

Jr/vircAA  to  rAvFArro  vtor  * 

* /1AM  SUAFAcr  MoOFL  Wok  THTkk  POSTTXOK)  CPfApCMWMT 
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'Rover  ioca*cion  using  ^otpuer. 
fVMD  'RAGING-  tAEASUtBMEHTS 


• REFBRBNC.SS  '.  VikinG  lANMTfc 

UWAR  STftfloM 


•TEcnwotoGV;  kmcrowwe  uwt  BFrwet# 
frMLTH  ANP  *OV*fc,  uwm.  *| 

X-3GMP  OR.  DUAU  fEtftUtWC'/ 


• tfchnigaaF*  

VSGASORB  WSNT  S - *3>OF?Urfc.  fW>  KWGfe 
XWTA  RWAUMSN9  : LOCATION  OF 
1?0VB1L  AW>  UN>WL 


% LOCATION  ACCURACY 

VtfclNG  ) L WVPCR.  lOCBTflOM  * 

(.  BtLTlAU  *RBF.  FfcAVAB  ) 

SuMUfrriori  Analhsis  NEEDS  TP  Be 
?«.F0R>^rt>  - EXPECT  ATIOKJ’  A6 
OR  BETTER. 


T^CHaJ^LOss  ZT&*$  Fofi 
ATH*  QASfO  A\JLQI 


• POATAQLE  fr€AL  T XMC  Tbh)B  PHASE  ff’xrfiAcjvP 
Eon  xasstallatj-o/v  at  rr/+PonA ay  stattoa/s 

• toroea aa/o  vaqt  TnAtnpowoe*  non.  nov&n  t 
AAvor*.  oesmro  Tt>v€  spacta>c-  : 3o o-yoo /*ixa  0(A -&•-«*) 

• aarxo  tvavaroond  ( ft* - AAT/MTt)  v/t«r 
OATA  PAocfSSO* 

A/ate*.  J5&*omstAAttoaj  of  X- Aaa/D  cvclc  A^HTCvrry 
AesoLvrro/v  u>tth  rxxsrxAfC-  s ounce 4 sa***& 
or  pupsocb , 
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Mirt-  GmJ  Aytll 


• Tim  Tim  l°ktM 

6*  OtM-1 

• A«^  I **'l-^*^  J PriHlnni  jun 


/^ovEie  Na^at/oa;  Sketch  Conceatj  anp  /Ucji/rEcrtME 


• C ontinuf  System  Le vbl.  Analysis  Degun  a t-  ^orksnon 

• Ih-  death  Analysis  of  Alternative  Affroacnes  to 
(ri_o  oal  Navigation 

• Vet  ermine  Range  of  AfRLicAEiLirr  of  Alternative 
System  CoNctfTS  IN  TEARS  of-  PERFORMANCE  fAKANEtERS 

• /SccuaAc  y 

# Decree  of  Autonomy 

* Functional  ReovNpancy 

# Response  Tint 
. Reliaril  nr 

. Osr 

- paw**  app  «Arr  Rervirements 

• f sc  n nolo  ft  Readiness 
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INKRTIAL  NAVIGATION 
AND 

DEAD  RECKONING 
FOR 

MARS  SURFACE  ROVER 


AI.LAN  KLUMPP 


TECHNOLOGY  PLANNING  WORKS  HOP 
ON  THE  MARS  ROVER 


1987  APRIL  28  — 30 


GYROCOMPASSING  TO  DETERM  TNR 
HO  V FR  ATTITUDE 

J n«r  UrI  mRRRuremen  tn  taken  while  rover  i if5!  r\  t,  real 
on  thn  TV!  n c « m a rT  ace. 

F?,ov«r*  r*  t,  L i t.  v*  H <e>  i « determined  l>.v  erecting  IVIe^r-iR 
local-verUcel  coordinate  axea  with  rewpect  to  the 

rover  bod  y . 

I nertial  aenoora  mORRure  contact  acceleration  /\  end 
ajCvjI&jt  rate  W in  a body-fixed  coordinate  traine. 


Mars  1 o c a 1 — vertical  coordinate  ®xei 


ire  computed  a«T 


OH  : = unit  ( /\  ) ; 

( UNIT  YIELDS  COLLINEAR  O NIT — LENGTH  VECTOR  ) 

EAST  :=  UNIT  ( W * * A>; 

("**”  — > VECTOR  CROSS  PRODUCT) 

NORTH  r - OH  **  EAST; 
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fiVROOOMPASSING  TO  I> PTT RRIV/I I N R 
ROVKU  latjtudr 


t ' f=i  I . 


C"> 


I mo^Ruronmn  1r*  k«n  w } 1 xjn  T'^y^  n t 

on  t.  h et  Mni'R  ru  rfncc. 


i fl  r\  t. 


<> 


f i « t ho  r;o  iti  }>l^tnon  t. 
hotween  the  POI, E arid  UJ  r> 
computod  ns: 


of  I. 

OXOR. 


n n rt1 1o  hot  'w  oo  n 
I’  he  POLE  nxi« 


I R 


O 


POLE  :=  UN1T(W); 


h"or  nrmxiinimxim 
f'ornpu  tod  unin^ 
0 ^ t,ho  S T N and 


prociBion  ««-  nr,  v 1«  Uo.dn,  lntin.ri^  j„ 
t,h«  two-RrKum«nt  ARCTAN  function 
COS  o f tho  an^lor 


L/V'T'IT'LOE  ARCTAN(UP  * POLE, 

yVBVALCUP  **  POLE)); 

<"*"  — : > VECTOR  POL  PRODUCT, 
/VOVWL  YIELDS  VEOLOP  LKN(iTM) 


2 


INERTIAL  DETERMINATION  OP 
LONGITUDE  AND  ALTITUDE 

TMo  w ny  to  diroctly  TT»«en » vj  i~«  longitude  iriortinlly. 

LonrfUudo  c*em  fc>c»  initinli^od  frfi  m a noninertiel 
source. 

hon^itude  chanjsfOH  can  bo  measured  by  doubly 
Inte^ratinff  the  east  component  of  sensed 
acceleration. 

Me»Rurement  of  altitude  in  terms  of  the  vertical 
component  of  Renaed  acceleration  may  be  unreliable 
>>ecause  of  local  variations  i rx  surface  density. 


CiV'G.’vAL  PAGE  (s 
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DEDUCTIVE  (DEAD)  RECKONING 


nc«pt:  Mnlnittin  continuoun  knowledge  of  location 

Int.We  to  Romo  Rt.nrUn^  point  ( tho  mother  craft)  by 
epin^f  track  of*  alJ  motiond. 

I tti  plomnntntion:  Plot  motion  « arid  landmarks  on  n map 

oT  the  local  terrairi. 


4, 


OK/VO  RECKONING  M UREM  ENT  SOURCES 

o Inertial  inatrumen  ta 
o Odometera 
o Optical  Bennors 


GF'cr- 

of  poor 


Quality 
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CHARACTERISTICS  OR'  INERTIAL  INSTRUMENTS 


o Cnlibrnle  to  null  drift  whon  vehicle  n I.  rent. 

n Hinfl  er  ro.»'«  ceu  no  <i  »-i  Tf,  nccelern  t ion  xv  h o n e v r»  r r<  1 vo  r 
i « inov  in^. 

All  houprh  letitutlo  in  moon  vj  rod  <lirectl  y , monnuremo  ti  I. 
orror  i ^ lor^o  comporod  t,o  d i rn  onnionn  of  crnf  I,  ond 
J<»cnl  t.orrnin  ( noo  porforinonco  ontimaten  below  ) . 
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CHARACTERISTICS  OF  ODOMETERS 


Odometern  une  meenurementB  of  rotation  of  wheel(n) 
in  contact  with  n vj  rf  noo. 


o I^openderi  t on  nn  outnide  aource  for  d irection  of 
mo  lion  - 


Subject  t.o  errorn  due 
u ncertain  ty.  Unin^f  e 
cnn  in  ini  rn  ize  nkiddinjtC 


to  skidding  end  wheel  eize 
nonpropulaive  *’  fif  t h ” wheel 
e r ror n . 


Vy'  X-..'..  ..  ir  t-'XiK  i£ 

OF  POOR  QUALITY 
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CHARACTERT  STTCS  OF  OPTICAL  SFNSORS 


Inner  rnriprin^ 
poniiion  nnd  nttil.udo 
moth  r~  crntt  o « n 


to  cornel"  — cube  reflectors, 

<->P  the  rover  relative  io  lhn 
determined  T>  1 y • 


URin^  lF*«<er*  rnnffin^  «rid  ^yrocompae 
relntive  t,o  natural  Inndmnrkn  CR  n be 
i in  precisely  . 


einff  , poni  tion 
d e te  rmlnrid 


8 
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TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 


GLOBAL  NAVIGATION  PANEL 
PRECISION  GLOBAL  MAPPING  ISSUES 
N.  A.  BRYANT  , JPL 


APPLICATIONS: 

A.  HIGHLRESOLUTION  TERRAIN  MAPPING  X,Y,Z 
E.  HORIZONTALLY  PROJECT  IMAGES  FOR  USE  BY  THE  ROVER 
C.  LANDMARK  RECOGNITION  FOR  THE  ROVER 
NOTE:  [A]  REQUIRED  TO  IMPLEMENT  [B]  OR  [C] 


CONSTRAINTS  TO  HIGH  RESOLUTION  TERRAIN  MAPPING 


• DESIGN  TRADEOFFS: 

A.  FOR  A GIVEN  FOCAL  PLANE  AT  A GIVEN  ALTITUDE,  THE  HIGHER 
THE  RESOLUTION,  THE  LOWER  THE  AREAL  COVERAGE  PER  FRAME 

-IMPACTS  NUMBER  OF  ORBITS  REQUIRED  TO  COVER  AN  AREA 

P LARGER  AREAL  COVERAGE  FOR  A GIVEN  CAMERA  SACRIFICES 
RESOLUTION  AT  A GIVEN  ALTITUDE 

-IMPACTS  PRECISION  OF  INFORMATION  AVAILABLE  FOR  ROVER 
TERRAIN  ROUTING 

C.  LARGER  AREA  COVERAGE  AT  HIGH  RESOLUTION  REQUIRES 
HEAVIER  CAMERA  SYSTEM 

- IMFACTS  ORBITER  WEIGHT  AND  AFFECTS  COMMUNICATIONS  DATA 
RATE  REQUIRED 
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CONSTRAINTS  TO  HIGH  RESOLUTION  TERRAIN  MAPPING  (CONT) 


• FUNDAMENTAL  RELATIONSHIPS  BETWEEN  RESOLUTION  (IFOV)  AND 
CONTROL 

A.  HORIZONTAL  CONTROL 

-SCENE  TO  SCENE  MATCHING  AFFECTED  BY  LIGHTING  PROBLEMS 
AND  SHADOW  EFFECTS 

-5m  RESOLUTION  GIVES  COMPLETENESS  OF  DETAIL  FOR  1:50,000 
SCALE  MAP,  IE  RMSE=15m 

B.  VERTICAL  CONTROL 

-MULTIPLE  PIXELS  REQUIRED  TO  IDENTIFY  PARALLAX,  32x32 

-5m  RESOLUTION  GIVES  CONTOUR  INTERVAL  OF  50m,  +/-  15m 

-NO  DIGITAL  ELEVATION  MODEL  IS  BASED  SOLELY  ON 
STEREO IMAGERY,  IE  ALTIMETER  DATA  REQUIRED 

C.  ORBIT  EPHEMERIS  IMPACTS  X,Y,Z,  POSITIONING,  BOTH 
RELATIVE  AND  ABSOLUTE,  FOR  ADJACENT  FRAMES 

-VIKING  ORBITER  ADJACENT  ORBITS  DIFFERED  3-5  km  AFTER 
BEST  A POSTERIORI  EPHEMERIS  CALCULATION 

-EPHEMERIS  POSITIONAL  ACCURACY  MORE  IMPORTANT  WITH  LESS 
SIDE-LAP  BETWEEN  PASSES 


POTENTIAL  STRATEGY 


• VIKING  ORBITER  CONTROLLED  PHOTOMOSAICS  FOR  HORIZONTAL 

POSITIONING:  200m,  100m,  50m,  10m 

-NOTE:  GLOBAL  COVERAGE  ONLY  AT  200m 

t VIKING  ORBITER  CONTROLLED  ELEVATION  MODELS  FOR  SELECTED  AND 

AVAILABLE  AREAS  USING  20-8m  IMAGERY 

• MARS  OBSERVER  WITH  SIMULTANEOUS  VIMS , ALTIMETER, & NAVIGATION 
TRACKING 

-IMPROVES  PLANETARY  CONTROL  NET 

-ADDS  TO  VERTICAL  TOPOGRAPHY  RESOLUTION 

-VALIDATES  SITE  SELECTION  OPTIONS 

• MR SR  ORBITER  IMAGER  FOR  FINAL  CONTROLLED  MOSAIC  OF  LANDING 
SITE 

-NOTE:  MAY  NOT  REQUIRE  COMPLETE  100km  COVERAGE  IF  VIKING  & 
Mn  IMAGERY  CAN  BE  INTEGRATED 
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PRECISION  GLOBAL  MAPPING 
TECHNOLOGICAL  ISSUES 


WE  CANNOT  DESIGN  ROVER  ROBUSTNESS  REQUIRED  UNTIL  WE 
UNDERSTAND  THE  ORBITER  IMAGER  RESOLUTION  REQUIRED 

- in,  RESOLUTION  USING  1000x1000  CAMERA  REQUIRES  20,000 
IMAGES  TO  PROVIDE  MINIMAL  STEREO  COVERAGE  (2/3  VO  IMAGES) 
-WTt / the  ROVER  HAVE  STEREOVISION  COMPUTER  SUPPORT  ADEQUATE 
FOR^TERRAIN  AVOIDANCE  GUIDANCE?  IF  SO,  MAY  RELAX  ORBITER 
RESOLUTION  REQUIREMENTS 

SYSTEMATIC  APPROACHES  TO  STEREOGRAMMETRY  PRECISION 
IMPROVEMENT  FROM  "UNSTABLE  " PLATFORMS 

-OPTION:  A COMBINATION  WIDE  AND  NARROW  FIELD  CAMERAS 

B SPLIT  IMAGES  WITH  MIRRORS,  FORWARD  & SIDE  LOOKS 
C.  ADAPTIVE  CHIP  MATCHING  FOR  CO-REGISTRATION 

ASSUMING  THAT  HORIZONTAL  VIEWS  ARE  TO  BE  USED  TO  ORIENT  THE 

ROVER  * 

-HOW  FREQUENTLY  WILL  THEY  BE  NEEDED?  (COMPUTATION  AND 
COMMUNICATIONS  IMPACT) 

-WHA'7’  IS  RANGING  RESOLUTION  ON  ROVER  CAMERAS  VS  ORBITER 
IMAGER  DATA  REPROJECTED  TO  HORIZONTAL  VIEW? 

USE  OF  FRACTAL  GEOMETRY  TO  PROVIDE  ENHANCED  HORIZONTAL 
VIEWS  FOR  STEREO  COMPARISON  ON  ROVER  AND  LANDMARK 
RECOGNITION  FROM  ROVER  _ 

-MAY  RELAX  VERTICAL  AND  HORIZONTAL  RESOLUTION  REQUIREMENTS 

USE  rw  ADAPTIVE/ASSOCIATIVE  PATTERN  RECOGNITION  TECHNOLOGY 
TO  CO-REGISTER  ROVER-OBSERVED  SCENE  TO  HORIZONTAL  VIEWS 
PROJECTED  FROM  ORBITER  IMAGES 
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KARS  OBSERVER  ORBIT  DETERMINATION 
P.B.  ESPOSITO 
4-29-87  ' 


MARS  OBSERVER 

MISSION  DESCRIPTION 

• IAIJNCH  ON  STS  IN  AUGUST  1990 

• 20  DAY  LAUNCH  WINDOW,  DEPLOY  FROM  CARGO  BAY  IN  LOW  EARTH  ORBIT 

• ONE  YEAR  IN  ER PLANETARY  TRANSIT 

• TRA.ECTORY  CORRECTION  MANEUVERS,  INSTRUMENT  CALIBRATIONS 

• ORBIT  INSER  ION  AT  MARS  INTO  4100  KM  PERIAPS1S.24  HR  ORBIT 

• INSERTION  0 TBIT  DRIFTS  <60  - 80  DAYS)  TO  SUN -SYNCHRONOUS  ORIENTATION 

• PROPULSIVE  MANEUVERS  TO  ATTAIN  CIRCULAR,  FROZEN  GEOMETRY  MAPPING  ORBIT 

• 361  KM  AVERAGE  ALTITUDE,  116  MIN  PERIOD,  93  DEG  INCLINATION 

• SUN -SYNCHRONOUS  WITH  2:00  AM/PM  EQUATOR  CROSSINGS 

• SCIENCE  MISSION  DURATION  IS  ONE  MARTIAN  YEAR  (687  DAYS)  IN  MAPPING  ORBIT 

• REPEATING  GROUND  TRACK  STRATEGY  MAPS  ENTIRE  PLANET  IN  59  DAYS 

• ORBIT  ALTITUDE  RAISED  AT  END  OF  MISSION  TO  MEET  PLANETARY  PROTECTION  REQUIREMENT 


PRtr  -/ 
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. MISSION  SYSTEM  PDR 

Jl  K'  ORBIT  DETERMINATION  DURING  DRIFT 

PHASE 


N 


\ 


24  hr 
0.8 


2 hr 
NEAR 
CIRCULAR 


MD4 


• OD  ANALYSIS 

• VIKING-TYPE  ORBIT 

• GRAVITY  FIELD 
(POLAR  REGION) 

• FIRST  NEAR  CIRCULAR 
ORBIT: 

SHORT  PERIOD 
SMALL  ALTITUDE 

• NEAR  SOLAR  CONJUNCTION 

• GCO 


P6&-1 

ft 


MISSION  SYSTEM  PDR 

ORBIT  GEOMETRY  AND  ANALYSIS 
STRATEGY 
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MISSION  SYSTEM  PDR 

JFn-  MO  GROUND  TRACE  WITH  GRAVITY 

ANOMALIES 


P 


nm 


MISSION  SYSTEM  PDR 

GRAVITY  FIELD  ERROR  MODEL 

(ONE  SIGMA  FORMAL-UNNORMALIZED) 


COEFFICIENT 


ERROR  (x  10'6 7) 


J2  1 

C | 21,22 

J3  | 

C [ 31,  . .33 

^ • 


.439 

.0571 

.0613 

1.28 

.237  .0670  .0182 

.230  .0630  .0160 


6 k 6 FIELD:  a = |6  - 10]  o (FORMAL) 

GRAVITY  ANOMALIES 


Pit 
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MISSION  SYSTEM  PDR 

GRAVITY  ANOMALY  AND  ERROR  MODEL 


EAS1 


LONGITUDE 

LATITUDE 

RADIUS 

Gm 

SOURCE 

(<leg) 

(<leg) 

(km) 

(km^/s^) 

3<> 

HELLAS  PLANITIA 

69.7 

-42 

900* 

-0.4  " 

ISIDIS  PLANITIA 

89  0 

12 

240 

0 1 

UTOPIA  PLANITIA 

99.0 

42 

700* 

0.25 

ELYSIUM  MONS 

146  r> 

25 

300 

0.15 

OLYMPUS  MONS 

226  r> 

. 18 

300 

0.6 

► 30% 

ARSIA  MONS 

239.5 

-9 

180 

0.15 

PAVONIS  MONS 

247.5 

0 . 

180 

0.15 

ALBA  PATERA 

251.0 

40.5 

450 

0.2 

ASCHAEUS  MONS 

256  0 

11 

200 

0.15 

ARGYRE  PLANITIA 

317.0 

-51 

400 

-0.1  > 

HESPERIDA 

98  0 

-15 

900* 

01 

ELYSIUM,  WEST 

110.0 

18 

600 

-0.1 

j 

ARCADIA 

209.0 

49 

600 

0.05 

ALBA  PATERA,  EAST 

276.0 

39 

660* 

0.1  I 

y 70% 

VALLES  MARINERIS 

289.0 

-4 

540 

-0.03 

ACIDALTA,  WEST 

310.0 

45 

720 

-0.07 

VALLES  MARINERIS 

332.0 

-2 

600 

-0.04 

NORTH  POLAR  CAP 

0.0 

87.5 

540 

0.14 

100% 

SOUTH  POLAR  CAP 

180.0 

-85 

600 

0.0 

i .14 

pae 
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Jr»l_  POSITION  ERROR  DURING  MAPPING 
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GRAVITY  r II  LD:  CURRfNT  FPROR  VS  GCO  rXPCCTATION  (ATHF.NA/SOI.N6A) 


C.S(n,m:  current) 
C,S(n.m:  GCO) 


j>  o'  2 i O l 23401  234501  2 3 

3 4 5 

GRAVITY  MODEL  COEFFICIENTS  (UNNORMALIZED) 


CONSIDER  POSITION  ERROR- -NOMINAL  AND  GCO  (10-12-91) 


DENSITY,  kg/ 


MARTIAN  ATMOSPHERE  DENSITY 


w 


n 


10 


-13 


FlG.IO 


5-5-40 


V»ry  lUf  ftr 

^ r •!  Ol  -f?  »r  tn4f  |r\  s i | 

^ ^ *n’** I T;*f>§  ) rf  t w*  s K^'^j 


M, 

i>< 


4^SX 

Ik  {^f^<n4*V|  D#f%y  4r 

1^  Ci^f 

P f€on  PfcKt  -*t  — P«irf^  ♦ i/t 
• *,  D*r- #«  1»V  (*\f 

^**»w»'i>  f ’“*>n  iy  bt  (tcriMU^ 

**4  tr^ff  C fee  lt$ 

p ktO  »*,  J J«k«r^ 

Cm.  r^V  OrlmrA^i^ 

I*\  *+«NLW«^fe/  Dt^yf 


JS*~| 

^ VC  BT 

V-%  Y ^ • C r^.'i • Tr<k  j m « ^*»<^  ® • ^ ' 

Vm«^  *«\  Kmm  - Ba  IL,.  Krf^  fe«*%t+f«*iVH 

Baa  ••  ® r 4* r O • 0* 


V^mr*  ■•’ 

Mmc*  E^U«*r.'t  X-^|k^«m»mm4 

TV;^  f1«ifi 

^^!l»  it*** 

T fMjtc 

ft  l + f>AI 

|-V 


^ ^uiiUTV 


5-5-41 


TS6-1 


SPACECRAFT  VLBI  DELAY  OBSERVABLE 


Flgur#  A-1 

CONVENTIONAL  AVLBI  GEOMETRY 


SPACECRAFT 


• WIDEBAND  AVLBI  IADOR)  MEASURES  DIFFERENTIAL  DELAY 
■ NARROWBAND  AVLBI  MEASURES  DIFFERENTIAL  DELAY  RATE 


Flgura  A-2 
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MARS  ROVER  AVLBI  GEOMETRY 


MARS 


Hour*  A-3 


TWO  SOURCES 
WITHIN  ONE  BEAM 


ANGULAR  SEPARATION 

< 1 arcMC 

OBSERVING  TIME 

< 1 min 

PERFORMANCE:  1-3  m 
RELATIVE  POSITION 
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AVLBI  PERFORMANCE  SUMMARY 


TWO  SOURCES  WIDELY  SEPARATED  (~10°) 


ANGULAR  POSITION 

ANGLE 

UNITS 

5-15  nrad* 

AT 

MARS 
1-4  km 

AT 

JUP1IEB 
7-22  km 

ANGULAR  VELOCITY 

5 prad/sec 

1.5  m/s 

7.5  m/s 

TWO  SOURCES  ON  SAME  PLANET  (<10  arcsec) 

ANGULAR  POSITION 

3-10  prad 

1-3  m 

5-15  m 

ANGULAR  VELOCITY 

0.1  prad/s 

3 cm/s 

15  cm/s 

•Projected,  1990 
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1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 
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TECHNOLOGY  PLANNING  WORKSHEET 


MRSR  MISSION  DRIVERS: 
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1987  TECHNOLOGY  PLANNING  WORKSHOP 
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1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 
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WORKING  GROUP:  

DATE:  TIME: 


TECHNOLOGY  PLANNING  WORKSHEET 
REFERENCE (S) : 


TECHNOLOGY : 


DEVELOPMENT  FORECAST: 


| DATE 

MILESTONE/COMMENTS 

1 

| 1998-LAUNCH  | 2000-LAUNCH  | 

j $ ,K  TECH.  DATE  | $,K  TECH.  DATE  | 

| FUND.  LEVEL  ERROR  | FUND.  LEVEL  ERROR  | 

| - | | 

| 1988 

! 100  ! .! 

| 1989 

O 

1 1ST*  1 

-f  T ~i 

| 1990 

1 1 

I 2oo  1 

| 1991 

"f  1 1 

j j | 

| 1992 

i i i 

1 too  1 1 

| 1993 

~BroL**l>oowV"iX 

| uro  j ! 

i *i  -i 

| 1994 

i i i 

1 1 

| 1995 
| 1996 

T ”i" 

i i **i 

i 1 ! 

1 1 

| 1997 

T "i"  ~! 

i i i 

* NOTE:  Technology  selection  cut-off  date  for  a 1998-launch  mission. 
**  NOTE:  Technology  selection  cut-off  date  for  a 2000-launch  mission. 
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WORKING  GROUP:  

DATE:  TIME: 

TECHNOLOGY : [AhA 


TECHNOLOGY  PLANNING  WORKSHEET 
REFERENCE(S) : 


DEVELOPMENT  FORECAST: 

MILESTONE/COMMENTS 


DATE 

1 

1 FUND 

LEVEL  ERROR 

1988 

1 

| 

ZOO  Ic. 

1989 

|^o  u J WmvSs 
ole* 

1 

1 

£oo)c 

1990 

\ 

1 

i 

2&k. 

1991 

iWH.l4vfu*v£lurv» 

1 

1 

~| 

zrtjc 

1992 

1 

1 

| 

Zoo  It 

1993 

t * 

1 

1 

‘S&o  L 

* 

1994 

1 

1 

1995 

"f 

1 

1996 

"f 

1 

1997 

T 

i 

1998-LAUNCH 
$ , K TECH . DATE 


2000 -LAUNCH 
$,K  TECH.  DATE 
FUND.  LEVEL  ERROR 


**  I 


* NOTE:  Technology  selection  cut-off  date  for  a 1998-launch  mission. 
**  NOTE:  Technology  selection  cut-off  date  for  a 2000-launch  mission. 
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TECHNOLOGY  PLANNING  WORKSHEET 

WORKING  GROUP:  A/<UA4<lllgwiREFERENCE(S) : 

DATE:  TIME:  /q-.SP^P^  _ 


TECHNOLOGY : 


Cgw'fA.gr’ftKj 6cLowv4.,f^r 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 
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WORKING  GROUP: 
DATE:  

TECHNOLOGY : 


TECHNOLOGY  PLANNING  WORKSHEET 


TIME:  ^ 


REFERENCE(S) : 


DEVELOPMENT  FORECAST: 

1 

1998 -LAUNCH 

| 2000 -LAUNCH  | 

1 

| 

MILESTONE/COMMENTS  j 

1 | 

$,K  TECH.  DATE 

$,K  TECH.  DATE  j 

j DATE 

FUND.  LEVEL  ERROR 

| FUND.  LEVEL  ERROR  | 
| 1 

| 

| 1988 

| 

£©  <C- 

1 1 

1 

| 1989 

Tel  Tic L koI^m  j 

' -j 

too  k. 

1 1 
1 1 

f 

— 

T ~l 

| 1990 

ci-efi vvs  | 

amcept’  C/ 

1 CO  k. 

1 1 

| | 

| 

— 

~f  1 

1 

| 1991 

3 cL  ^0 

took 

1 1 

1 

| 1992 
1 

1 1 
1 1 

f 

| 1993 
| 

CirrhciA  fiu^cfiwv  2^4* 

_l 

|T  tf&k. 

~f  ”i 

i i 

*i_  -i 

1 

| 1994 

i i 

i i 

f 

| 1995 

~i  i 

i i 

j irk  1 

1 

_l  j 

1 

| 1996 

1 1 

f 

| 1997 

1 1 
1 1 

* NOTE:  Technology  selection  cut-off  date  for  a 1998-launch  mission. 
**  NOTE:  Technology  selection  cut-off  date  for  a 2000-launch  mission. 
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TECHNOLOGY  PLANNING  WORKSHEET 


ADDITIONAL  WORKSPACE: 

C=*ff©u./U£>  JWOT7©0 

TJ.rtFCT-EATtSFMSo*. 


Stew^uw 


5-AA-10 


WORKING  GROUP: 
DATE: 


TIME  : 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 

TECHNOLOGY  PLANNING  WORKSHEET 

REFERENCE (S) : 


PAGE  2 


TECHNOLOGY: 


DEVELOPMENT  FORECAST: 


DATE 

1988 


1989 


1990 


1991 


1992 


1993 


1994 


1995 


1996 


1997 


| 1998-LAUNCH  I 2000-LAUNCH 
MILESTONE/COMMENTS  | $>K  TECH.  DATE  , $>K  TECH  DATE 

| FUND.  LEVEL  ERROR  | FUND.  LEVEL  ERROR 


ZOO 

ZST> 

iro 

1ST) 

Zoo 

yoo 


I 


^NOTE-^h01^7  Sel"Cti°n  CUt'°ff  date  f°r  a 1998 -launch  mission. 
NOTE.  Technology  selection  cut-off  date  for  a 2000-launch  mission 


5-AA-12 
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FOR  THE  MARS  ROVER 
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TECHNOLOGY  PLANNING  WORKSHEET 

WORKING  GROUP : G-AU  l o hi  REFERENCE(S)  : 

DATE:  »/L  TIME:  /O.QQ  Art  

TECHNOLOGY : MA»r  W Uti T± — t AtlESMp* P^SEl. 


KEYWORDS : $j& Q JrrttV  ( LO^T^O^  fterO  Y- 

RELATED  TECHNOLOGIES:  sFa^jQP^  } — £ >Jh  £*£££  LR  T 61 


DESCRIPTION:  ~rUE  Ret/g (K  w/«- l Rl=  Ql/1  Re — A MftP 

^PlQRrn  w»ir»  rt. 


Un.-,SL^urinAJ  op  L tn* — £ — FOi-btru — 


plO-fOi-V  MQ^AJrft* PAA- 


Rfflt/m  fig — ifRgvrirX? — TU  A. 


— L Vtl 


ft  tp  * 7V 


v/iz«j  r*t£:  tsbrAj^ 


vUS.j.  Q jj_i£  M312ALDCR — 


tiELe£tlLC£ 

me  tm^r 


A*Jcr 


_m. 


^opLt) — E£_ 


7-fiftr  Alourft,  Sr<fRgq 

P/>at-aay  a -r/Mft.ge'  Di/wS/0^/fO/»/^L — yttu/  gp  - Ti»fc-  -Q — ^ 


//J  P,wr  ^ 

TAXC-kJ  A*J(j  PflOU^^ 


ML  -ED 


iz]J&m±£L,  ttt&K  k£X&  WQJLLi /^fp-.f-^aa# 


j-mr  p4Tjj  op  the.  Rovei^jov  rwe  Map. 

STATUS  : At9^  7~  <&ft  t£j£QLLl£MU / — a~ 

RAPiPt  ^7 -ffl£n  PRQ.-g^d<J/.- /‘Wfe — — yMf9-v»-EL> 


ftO^£V£l. 


bnF., 


*&>*><  7-/AA  / PtVSL  s>r-rr/jr^ 


PROGRAMS /EXPERTISE : 


MRSR  MISSION  DRIVERS: 


MRSR  APPLICATION  ISSUES: 


5-AA-13 


ORiG^AL  PAGE  IS 

OF  POOR  QUALITY 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 


PAGE  2 


TECHNOLOGY  PLANNING  WORKSHEET 


WORKING  GROUP:  __  REFERENCE (S)  : 

DATE:  TIME: 


TECHNOLOGY:  fl-r  f?„, 


DEVELOPMENT  FORECAST: 


| DATE 

1 

- MILESTONE/COMMENTS  j 

1 | 

1998 -LAUNCH  | 

$ , K TECH.  DATE  j 

FUND.  LEVEL  ERROR  | 

1 

2000 -LAUNCH 
$ , K TECH . DATE 
FUND.  LEVEL  ERROR 

| 1988 

' ' 1 
| 

1 

1 

- 

D&i-aj  l _L 

1 

1 ^0  ^ 

1 

| 1989 

1 

1 

\&t>  L<^ 

1 

1 

1 

| 1990 

f'l'-ornypc  pEVEloPhsjuj-  | 

c 

1 

1 

1 — 

-j- 

_ 

| 1991 

1 

1 

| 

1 

1 

1 

| 1992 

1 

1 

ii>o  c 

1 

1 

1 _ 

Fu^+r  -j- 

1 

— 

| 1993 

1 

1 

1 

* — 

1 

— . 

*l_ 

| 1994 

1 

1 

| 

1 

1 

1 

| 1995 

1 

1 

1 

i 

■k'k 

| 1996 

1 

1 

| 

1 

1 

1 

| 1997 

1 

1 

~f 

1 

\ 

* NOTE:  Technology  selection  cut-off  date  for  a 1998-launch  mission. 
**  NOTE:  Technology  selection  cut-off  date  for  a 2000-launch  mission 
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TECHNOLOGY  PLANNING  WORKSHEET 
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WORKING  GROUP : MQJI‘±AT/OaJ  REFERENCE(S)  . 

DATE:  si/  jah  / TIME:  __ 

TECHNOLOGY : £*v<c 4+Lj*  in*  1 


ADDITIONAL  WORKSPACE: 

with  the  Sa^tTeR. . *«**  ^/ntJWu.  i-APoem>  ^uv  Tffs  Soo/ej- 
i_Js//UHofc  ROVtH,  HAVf  IKIOIKATEP  TtfC  p)Pr/<*OLTV  dp  CoPA<s*-M  7YA»&-  P/v-r^ftCb 
r/lkeO  /MOU*/7-ftD  W/TW  AK9BA  VifKftuU.  PK-TuRfi^  TAKEAJ 

F^om  otfeir,  r*  /^}W(w4r£  mpu^  it  TH& 

K07£U  fc?;£  r^Kfv  /=feo*-i  HiftTj  Oe  7^  MlMMize  r*KT 

Oi^r^knou  T/n^r  >tc  AtruaYiiD  <-ottRri_/W 

u>,r/*  >7/e  0RC1TCA.  Av_7vRrj , TW-s»^  /p  wc  l/wher.**  yi^wrcp 

btJ  * m-r  *W5  ^rw«ei  ^st>  fit  eWsy  amc  pe^-eo . 


5-AA-15 


OWCfrttL  P*SE  fs 

OF  POOR  QUALITY 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
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TECHNOLOGY  PLANNING  WORKSHEET 

^ YfiJ  K)C  7t  \ 

WORKING  GROUP:  U t-o&A  l A/A lu l Ajl qjJ  REFERENCE(S)  : 

DATE:  TIME:  

TECHNOLOGY:  __thj±CL  CL  OA/  c_  .OlCi'T^L  M r]P  S 

h 0^13/  r^/2  Tu  AC ! uC  ~ ~ 

KEYWORDS : UJAC_E  £SS/*a£,  M/4T  S 

RELATED  TECHNOLOGIES  : <f)  a/(3>o  Or?  m S7fio/  S 


DESCRIPTION:  A>l0Tl"fc)/)3  7~<0  /rx/i^7~ 

/ A/  Fcf^rtJlOAj 

Oav  TH-P  FPoM 

S>?  IFaIFo  r / cvl 

imA6//jG  /W/>  ssgCi  at£D 

AuTCjAJA  tTP  A 

/v 

STATUS:  ^oM Co^g^rS  ffeoTo'TvPPC 

— p~  ai  s>t~  — C_£jjcj*pr  s mu 

fyj^£j_T tcr-o  t^SC^q cr  r c. 

PROGRAMS/EXPERTISE : 


MRSR  MISSION  DRIVERS: 

StMfiLir  v 

UA  ~ 


__L 2M 
A C£lPAhiC^ 


M AfL  ^ re  v 

TE2C±JcL  C K/C  _ s^Au/C/Jttoau 

F]C- 


MRSR  APPLICATION  ISSUES:  ? 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 

TECHNOLOGY  PLANNING  WORKSHEET 


PAGE  2 


WORKING  GROUP:  G Lo£A(.  MA  L/ — REFERENCE(S)  . 
DATE:  TIME: 


TECHNOLOGY : 


HIGH-  LeScKUHOM 


To>PoG;^PHfL 
/Mil  (?i  vCr 


M AP  b 


r^cM 


DEVELOPMENT  FORECAST: 


MILESTONE/COMMENTS  | 


DATE  | 1 

1988 

Cgk>cwptS/-l^  <3,:r  1 

1 

1989  ^ 

PiBUt qF 

/ 

7T£c 

1990  \ 

1991  1 

0 fj 

\ 

\ 

/ 

1992  / 

— ( 

FAn  CT  70 LFpAv/T  / 

1 

1993  j 

1994 

■ft 2Am  S 70 

> 

o P CzfifrnoM  A l~ 

1995  j 

/ 

CAPA6'L  1 r y 

1996 

1997 

1998 -LAUNCH  | 2000 -LAUNCH 

$,K  TECH.  DATE  | $,K  TECH.  DATE 

FUND . LEVEL  ERROR  | FUND . LEVEL  ERROR 


i 

i 

i 


i k 


* NOTE: 
**  NOTE: 


Technology  selection 
Technology  selection 


cut-off  date  for  a 1998-launch  mission, 
cut-off  date  for  a 2000-launch  mission. 


ORiUi . al  p^ge  , 

OF  POOR  QUALrrY 


5-AA-17 
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WORKING  GROUP:  (i REFERENCE(S)  : Opflut  ( fraCt^S 

DATE:  y J Xyx?  TIME:  f L 

TECHNOLOGY : C A zhkliuL  Cc  b^l  Thlcy-itJo.^nc/  yy  ft >c 

Xn  fc> <1  tic 7i  tA. ho e/Vc-i  (Chll^~  — 

KEYWORDS:  Tv /leu-*/  kcT CtinjrXtr ^ joffrytfhy 

RELATED  TECHNOLOGIES:  J*-4y<>|t- . fkiTc'u^tnmtfr y A/c«.r*£  fazT  Cc*p„  f/ntt 


DESCRIPTION:  f)//£r j v»  <)  ^Jl^TbT  c S>y t/?>n  i^tcA  (A£S  G* 

c(Chyu.\( — *1'.^  Co*y./7*v  Qfch>h[hr^  ft  ht>o\ 

-/■■CVfoo  d^iUkn  Y.  7.  vk^\  in  LMhiTl  U^LoTc TjZ  u/gipTc  ~jr 

I r^idcur-,  /),j/u ^TSEiISSbHS^^^^T 

0 f t j h\*  Hi,  f:*ny a 7 } — 


STATUS  : A*  ^ k ft  ±±d£  injthj  <n±L  pujj  tgtJ/J  kjtfA 

— <•'  k'  ) — >|ti lJii  TTTTTTITTTk  av^^c  X'e.r~  ^^TFI^^iTT^tTTTi 
?{  kytjJTL  I'H-’C.  iJTT^T*  7Tu  jTT  TTIL  _ — ^ 

PROGRAMS/EXPERTISE : 


MRSR  MISSION  DRIVERS:  f/c.  4vh«c«x,  Ay  7„*f 

-oc  w-^wv  of  TstTEK^EE,  TnH<krj^7T^zi 

-(  fjL^iS±) — L ^1  It  2 •!  £v>  , — T^i'^  ^,pph<(  U/c^A.  /.  A ) <* c A>r J A /jo  ,*U\tml  <W 


MRSR  APPLICATION  ISSUES: 


0816'IV^^  fr* 

°F  pOOR  QUALjiy 


5-AA-18 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 
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TECHNOLOGY  PLANNING  WORKSHEET 


WORKING  GROUP:  t /<>'/  7 [_ 

DATE:  i j y;j*7  TIME:  

bi!L= 


TECHNOLOGY : 


REFERENCE (S ) : C-fthf-i 


DEVELOPMENT  FORECAST: 


MILESTONE/COMMENTS 


DATE  | 


1988  'Vy  C t7 //U/> 

1 1 


Y 


1989  / Syj^V^j  ^ 

^ (V  t(-/r  ,,  Tr. 


1990 


I 

1991  j (J  I 


1992 


) 


1993 

j X f y /<l»  f-c:‘  c/ 

1994  ^ '[  «1< <:►':’<■  y i 

1995  j 

1996 


1998 -LAUNCH 
$ , K TECH . DATE 
FUND.  LEVEL  ERROR 

• u>o 

■JCO 


J 

2d  e> 
2-0 1-' 


2000 -LAUNCH 
$ , K TECH . DATE 
FUND.  LEVEL  ERROR 


1997 


** 


* NOTE:  Technology  selection  cut-off  date  for  a 1998-launch  mission. 

**  NOTE:  Technology  selection  cut-off  date  for  a 2000 -launch  mission. 

OEiGi  5-age  :% 
Of;  POOR  QUALITY’ 


5-AA-19 
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TECHNOLOGY  PLANNING  WORKSHEET 


WORKING  GROUP-  ^/^//^^'^/^FERENCEfS) : $4* 


TECHNOLOGY: 


^ree  i 


7^V 


S/t-es 


KEYWORDS : 


Bcyj/r#/ d QJerec  ^ *n  6 i P^otoc 


RELATED  TECHNOLOGIES:  S&tcsfs  ^ £?/*  - ^ 


P« 


DESCRIPTION:  7A 


Q &HS*T  /4*cj5l  7cP  JtHL/P/74*/'  /*7  I *Vj 


j&~o  /vr? 


/£o  S?^JZr^yjfr  A/JP? 


MRSR  APPLICATION  ISSUES:  /</£>  ^ 


K~y  y^v<r 


\,  F~  r / !S 

FF  pi'rOR  DUALITY 


5-AA-20 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 
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TECHNOLOGY  PLANNING  WORKSHEET 


WORKING  GROUP: 
DATE:  '//loA? 

TECHNOLOGY : 


C/cLl/  A/g  REFERENCE(S)  : 

TIME: 


■vyt-  ZZ/Zcz. 


DEVELOPMENT  FORECAST: 

MILESTONE/COMMENTS 


DATE 

1988' 

1989 

1990 

1991 

1992 

1993 

1994 

1995 

1996 

1997 


jy&>*  %:hrlHy _ 

"T~ 0 fared b^cvrcl  ^ 

P-,'r(xrr*^C-  p 5 
# £U  tbeed  P>vec  s*.^ 

cp  0rt*+f 

b 

Ptforld  P*s$*/ 

P*cjy$'$.  — 


t 

Dcd*  , — 

/fykd 


fHsceS+'Av*.  #fa***y  df* 

' A a4&J 


1998 -LAUNCH 
$ , K TECH . DATE 
FUND.  LEVEL  ERROR 


£COk-/'fr 


H 


IC-/^ 


t( 

// 

'f 

*7 


2000 -LAUNCH 
$ , K TECH . DATE 
FUND . LEVEL  ERROR 


z &o  k/t. 


r 


(f 


*f eok/^ 


H 


U 


M 


// 


!< 


**  I 


* NOTE:  Technology  selection  cut-off  date  for  a 1998-launch  mission. 
**  NOTE:  Technology  selection  cut-off  date  for  a 2000-launch  mission 


ORiGItm  RAGE  IS  5-AA-21 

OF  POOR  QUALITY 
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TECHNOLOGY  PLANNING  WORKSHEET 


WORKING  GROUP:  (£/&&/  AA 
DATE:  y/3£>A7  TIME:  9t 


REFERENCE(S)  : 


TECHNOLOGY: 


ADDITIONAL  WORKSPACE: 

e-AM  -•&** 


^7  ^ aACc^Z  {'**£  a.s,  SAS/ysfy) 

X** ^ yaZ^Zy  *<y*~*. 


(3)  (A* 


(h)  tAe  y <Uf%^  ^ A 

aAy  />&& " 0*rAZi*/ ^ ^**^**-0  ' 


Ar* 


, /wT*  t^*>-  , , 


5-AA-22 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 
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TECHNOLOGY  PLANNING  WORKSHEET 

WORKING  GROUP:  G L REFERKNCE(S)  : 

DATE:  TIME:  — 

TECHNOLOGY:  CAMERA  An  QkJ_ 


KEYWORDS : 


fMAGg  PgocgsS'/yg  OMGoft&i  Co  t*£?±  . At 


RELATED  TECHNOLOGIES: 


DESCRIPTION:  PSj^LoP_  7~Hg 


SG£m£. 


CjO  .v^a/6  OiS-  C ~T~gC  MM/ 

n/g.  diGo/g/Trt-MS  70  Alcou;  777  ^ 


yzo  i/  py£  to 


ry 


/ T s ^<aSlT7«0Ay 


rPo  m 


Om£  o /S-  4-  f— gtQ 


P<  CTU 


£LhLQ 


OO 


ftu  ro  M<r>  Moii  S<-  y 


STATUS : 


S O M g X>OQ 

M U sr 


a>i^w  Tf-fg 

jgg^i  BtOMO.  • 


PROGRAMS /EXPERTISE : 


MRSR  MISSION  DRIVERS:  6/ A7 AYr^bJOlZQ 

FhR-  /Sql^jpY^  AA  <97-/0  AV  /Ufr 

£r  X TTP/M  /)g/)  ^/C'rMgg 

/xrprgr//4L  hsAi/i&A-TiOKt 


T/M^  / ^TlF&uA  l S 
ilig:  3 ’■t&sJt&c/hJTL.y 

^ A-  _sg£)  L EL  ^atiokj  s. 

gST^/BT^S  /S  A?SS/ft 


MRSR  APPLICATION  ISSUES: 


5-AA-23 


GRlGit'Ai 

Of  POOR 


PAGE  s 
QUALITY 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
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TECHNOLOGY  PLANNING  WORKSHEET 

WORKING  GROUP:  mAi/  REFERENCE(S) : 

DATE:  TIME:  ~ ' ~ ~ 


TECHNOLOGY:  (Ztrv-e^  C . Q, 


DEVELOPMENT  FORECAST: 


1 

1 

| DATE 
| 

| 1998 -LAUNCH  | 2000 -LAUNCH  I 

MILESTONE/COMMENTS  | $,K  TECH.  DATE  | $,K  TECH.  DATE  | 

1 j FUND.  LEVEL  ERROR  | FUND.  LEVEL  ERROR  j 

| 1988 

i 

i 

— i 

| 

V.  fVjojog 

_i 

| 1989 

J o bJ  do  AQ-0  | P&Z) 

i 

i 

i 

i 

1 

Hre.  PauJEjP  | 

- 1 - i 

i 

1 

1 A I 

j 1990  i N&Ct 1 1 

i 

i 

i 

i 

i 

7T=C  HKjiQ  u g c,  1 i 

i 

| 1991 

y P&.£>  , j I 

1 

i 

i 

i 

i 

CoP&0  PTC  "f 

1 

| 1992 

| 

1 

i 

| 

i 

i 

• 

1993 

M u Ldli  okj  s ! 

i 

i 

"i 

1 — 
1 

i 

*i_ 

i 

| 1994 

V ^££irtc#noA/  • 1 

/ A I 

i 

i 

~i 

i 

( 

7 pa  m s F ut/P  r <’  — 1 — 

| 

1 

| 1995 

o rJ&oAr&o  . 

r 

i 

“i 

i 

|_  J 

c o Avf  Pn  £=7£j  i 

I 

i 

1 

**  j 

| 1996 

1 

1 

~i 

i 

i 

i 

i 

i 

| 1997 

T 

i 

~\~ 

i 

“i 

i 

* NOTE:  Technology  selection  cut-off  date  for  a 1998-launch  mission. 
**  NOTE:  Technology  selection  cut-off  date  for  a 2000-launch  mission 


5-AA-24 


V*VSPo$\TO 


1987  TECHNOLOGY  PLANNING  WORKSHOP  PAGE  1 

FOR  THE  MARS  ROVER 


TECHNOLOGY  PLANNING  WORKSHEET 


WORKING  GROUP:  

DATE:  A- LA- ST  TIME 


GLoWl  M/W' Af>jU«rK 


REFERENCE(S) : 


3 Pt*A 


TECHNOLOGY: 


UQC.ft'TlQfrJ  lASiMg- 

3ofT>UIL  frNp  RANG-e  lABESvflOEL  fA  gt«t 5 


j)VUttM&-  UN^L  VTATtOW  L<?t  97)  (*J 

STfrUQN  LoC^'Ho^  By 
LuNOfL  LAH.S.^_ 


KEYWORDS:  RQVfeft-  (yA"*  ;.y>  ; frPpntfl-  E4»JS)rtfr 

RELATED  TECHNOLOGIES:  TEAmSPon  PfcP.  - TfcLPGOWW  £6  QN  S 


DESCRIPTION:  T>S^  JO  P»gECTlA<  CJMMUMI  CATS'  U»TH  TH  5 LAN&fc^. 

ft»>t>  fLQVEfL  CA£  Va)&  \-L  AS  Ani~P  T^O-  g (L 

Xc?fpL fcR.  . KtBWSo/lfevw^.M5>  fte  ftegtviftgtp 

f=KO»A  Se>J fcg-ftL  5T  A~C>PM5  Sii»v?>- YAMECMSL^  AN7>  ~3>l  FF&IL^nCCrO 

T>*T/l  TM<>gS  S&  NeCESSfrflV.  THE  PREC\5SO^  g THC  EoV~g>E 

L&ca-hqm  Should  fey  m THe  «o- ttmo  *\rre~ft-  T*A^6-E'  &t>T  mmeRK-Al 

ST\»l>|g3  loin,  eg  -To  CONftftlVt  ~n^H5  . frAStC  T|W >;-»L06^ 

ALfcg/K>M  &V\3TS  gv»l  ENHANCE*  WTS  for  N&CeS^P'f ££0 

wnsF'*  ?fcec.\3)0fJ  fctCtvMlifcA'-t^TS. 

STATUS :/ Q Loc/»-tfON  of  FixgD  Station  or*  SuftF*-&c  cco L> W*** 

•'POft.tHfr'  N/UMN6-  M|5S\QN*.  ft)  LOCATION  OP  CQt>N&*-  IZ.'SFUSl’toP'i  0A/ 

tAptStJ  fi4  UjtHfL-  LAitfi-  PAM-i*j6-  on-GoinG-  AfiP 

vemoN  n&*7&D 

PROGRAMS/EXPERTISE:  


kTLi  ov  urwu^pV-  u /VJ-^  ^tlOnvvvV 

MRSR  MISSION  DRIVERS:  ^ OV  t^x  V^gytV, 

MOLoCrM  M'&gX>  S CMHAmU  IhA\3nT3  NOT QVfctLAWt 

-de^m  fir' .oPi»\frMT  telunolq^  t X-frftNj)  PeNtxi ft. 

lPO£SLftlM  VA/VB/>NI>P 

MRSR  APPLICATION  ISSUES:  T LoCA'Itau  PP  SUfcfrtCfc  R-cH&R. 

*.- SC\fcNCVr  Fr>g  ION  6-  -T^gM  DATA-  A-l&jlSmON  FfcflA 

ft  9EM*»I  (gfrlrfl,  Og.  FtACD  LAM\»gp.>  j V.  -C.  MOW  >71)  1L  Al***'  ^T/fT/QA/  /*a>J> 

VrtP-t/WON)  O'TH&L.&eOW'fcl^ } L-Ok)G-  7fe£Al  HOhlrtJL  0*  fcWtl  W y 

**omot>l  ( AJ/WV  /MPU  CATIONS ) m 


c '••'-  '.'1AL  PAGE 
OF  r'OOR  0;  * *'■••• 


5-AA-25 


Respos,'h> 

1987  TECHNOLOGY  PLANNING  WORKSHOP  PAGE  2 

FOR  THE  MARS  ROVER 

TECHNOLOGY  PLANNING  WORKSHEET 

WORKING  GROUP:  N/W REFERENCE(S)  : 

DATE : A-SO-'ST  TIME : 

TECHNOLOGY:  MW  ON  « • « 


DEVELOPMENT  FORECAST: 


DATE 


MILESTONE/COMMENTS 


1998 -LAUNCH 
$ , K TECH . DATE 
FUND.  LEVEL  ERROR 


1988  fcSMfeL  trfSfcb  »NfMT  OF  Tfcttfco** 

z)  S»*VVHATV0W  ~2.tjO  _|_  (^#**4^04 


1989  cOMFtvrnr 

NVHeiUCAl.  $T\)  fr'i  ( *ou»p*C> 
/VSSfe$SM«MT>)  - 

1990  BKA-V^  eNHAN£.BA\«t^T5 

TO  BA-&VC  APffctJACW  C.  *<_■  . 

1991  *'*' 


1992 


1993 


1994 


1995 


1996 


1997 


WD|L 


2000 -LAUNCH 
$ , K TECH . DATE 
FUND.  LEVEL  ERROR 


XJbjNfM') 


**  i 


* NOTE:  Technology  selection  cut-off  date  for  a 1998-launch  mission. 
**  NOTE:  Technology  selection  cut-off  date  for  a 2000-launch  mission. 


5-AA-26 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 


PO?/ 


PAGE  3 


TECHNOLOGY  PLANNING  WORKSHEET 

WORKING  GROUP:  REFERENCE(S)  : T 

DATE:  #2  TIME:  

TECHNOLOGY:  12  QVt  U L 0 C4\ "7  / O jj  K>  Mi ) 6 ft7  > Q td  UAlllJr 

D o ??  l f u firiJ  £>  V Ai  J &£  M * /) J_uv-  f M ^ 2 


ADDITIONAL  WORKSPACE: 

,,ic.*tv4  fitrrv  fifar.  f$*cxf>r$  potfii**- 

U ^ L /WoJ  S^Jo-W  t 

JU)  c^tev  ‘ 1 r f : 

:;/c  --t  - f 4 mi)  IMNtotSiw  • rlu/> 

fa  *fa  ftkrf  id  <o-^A  AVrwi 
rrvJ^  U JSSh^J>  aJ7*m.  *r 

,/c  t JZU1^  *t»  - 


/UtLr-jV 


LATVV 


tv 


,~0<^ 


Jtj/Jtw.  UjyiA^  vacm^  friso  — 


Vft^LvvjJf^^T  9v~JA^a  ~~i  op 

JUTO,  HL  ^ Ad^TZjjj***-* 
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TECHNOLOGY  PLANNING  WORKSHEET 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 


PAGE  2 


TECHNOLOGY  PLANNING  WORKSHEET 

WORKING  GROUP:  REFERENCE(S)  : _ — 

DATE:  -j?7  TIME:  

TECHNOLOGY : UlM.  g*J — 


DEVELOPMENT  FORECAST: 


MILESTONE/COMMENTS 

1 

1 1998 -LAUNCH  | 

1 $ . K TECH.  DATE  1 

2000 -LAUNCH 
$ , K TECH . DATE 

] 

DATE 

j FUND. 
1 

LEVEL 

ERROR  | 
| 

FUND. 

LEVEL 

ERROR  | 

| 

1988 

~Tra^.S  yoc>«eW 

1 2oo 

1 

1 

S«- 

1989 

^t)lA 

1 

| ZOQ 

1 

1 

1990 

a \6cfej  dev't-. 

<W  f 

1 

6-) 

1 

1 

t 

$& 

1 

1991 

_ l_  _ _ 
1 

<5> 

o 

i 

i 

T 

- 

— * 

1992 

7 CQfakf  <st«iAP 

Us™ 

i 

,5<< 

1993 

p-lrjk't  UK/’-f  ellv'^ 

1 

' h) 

i 

i 

*l_ 

| 

1994 

1 

1 

1 

1 

1995 

1 

1 

1 

1 

1 

**  1 

1996 

1 

1 

1 

1 

1997 

1 

1 

1 

1 

* NOTE:  Technology  selection  cut-off  date  for  a 1998-launch  mission. 
**  NOTE:  Technology  selection  cut-off  date  for  a 2000-launch  mission. 


ORIG^AI  r*AC~£  !S 
OF  POOR  QUALITY 
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TECHNOLOGY  PLANNING  WORKSHEET 

WORKING  GROUP:  ,4c/  REFERENCE(S) : 

DATE:  TIME:  9:oo  y_ 

A x!  Ti^e  ha 

TECHNOLOGY:  |CL/gir  A/ctj/jy  ^ f to/fi  +i  - RaxeJ  Al  JLA  J~ 


KEYWORDS : 4tAflj~  , — <Ly± Ll  Q j u < iy  rctolu  ko»  . r?a  I jjU Kg  a Lat  fxk  c/;ov, 

RELATED  TECHNOLOGIES:  ^ W iW 

— L^_LA^/  yfl  r o r 

DESCRIPTION:  — ±L, — AiAULL  Csmc^j w»i/;«L  to&rk 

^ i L {siAl — 'Vw  !>!,<  U ^Lacjg  ii L,.//  h*-  jteC^SSSLzy.  js.  g^Var-/ 

/ £*** WM  l h file iroflc/cp  si Utlih  L^k  JCU^J^jjU  C^OOj 

— hm*  • fjki. — e^ir^sA^L  pk± t±±s Qsl±  LL^  fa  .«wf  ic£aI  iJh^e 

a ££mx1c*  1 — Ji  k- £>r — ft  haJ — ‘ihnbtj  u<-  fy r &SaALttsUa  ,, — uAucA  S L gu  M 'j-a.k* 

— iff 3-*. a fiw laaLiaxJeJ. 


' — Qjz*. — £xii  Luy — QJ.t  (uJ  Ppij  j-j ) i^q — 5yf /g»,  (CPS  ^ irecelutvs 

fier^pr-K' — SU^jJajc — ±uj^fs^ Cl£  Li  Lq*jL  Uu  tL th J_  /igrL/v,^^ 

— Oct-cJOc-Li  h~?3  ■ "1%^ Q-fbi  p ju-ft  ^ <:^qu|*/  

PROGRAMS/EXPERTISE:  


MRSR  MISSION  DRIVERS:  Accc^k 
. nrs^ec} in jLt La  <^Aer 


-oG — Go  ^«r  po^  fo*  uAkl 


MRSR  APPLICATION  ISSUES: 


5-AA-30 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
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PAGE  2 


TECHNOLOGY  PLANNING  WORKSHEET 


nATF-  o- i,-, TIME:  <3  :00  : 

* J. ^ "-L ■ 

TECHNOLOGY : T i 

iOLsa  (* 

bfOLr  ivir  'frjjr A a Irfr 

A)  a '/iq»|/on — btii 

L 

AUlGX 

== 

v7 

DEVELOPMENT  FORECAST: 

1 

1 

1998 -LAUNCH 

1 

2000 -LAUNCH 

1 

1 MILESTONE/COMMENTS  I 

$,K  TECH.  DATE 

1 

$ , K TECH.  DATE 

1 

j DATE  I 

1 

FUND.  LEVEL  ERROR 

| FUND.  LEVEL  ERROR  | 
1 1 

| 1988  nod . | 

, i 

1 

| 

sSat^e 

i_ 

_ 1 _ 
1 

” 

1 

| 1989  P roof  o-f 

I 

1 

(t>) 

1 

j 1990  pm\  A#s;y*\ 

1 

1 

^00  fr) 

1 

1 

1 

1 1991 

1 

1 

%oo  h) 

1 

1 

l_  C PtxIo  't  it  li 

-l" 

"f 

— * 

1 J 

| 1992  v 

1 

1 

1 

1 

| 1993 

1 

1 

1 

1 

1 

*l_ 

I 

— * 

1 

| 1994 

1 

1 

1 

1 

1 

1 1995 

1 

1 

1 

1 

— 

1 

'k'k  I 

r 

| 1996 

1 

1 

1 

1 

f 

| 1997 

T 

i 

_l 

1 

* NOTE:  Technology  selection  cut-off  date  for  a 1998-launch  mission. 
**  NOTE:  Technology  selection  cut-off  date  for  a 2000-launch  mission. 
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TECHNOLOGY  PLANNING  WORKSHEET 


WORKING  GROUP:  (rUo*J  REFERENCE(S)  : 

DATE:  V-30'^7  TIME: 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 

TECHNOLOGY  PLANNING  WORKSHEET 

WORKING  GROUP:  (r- UJqoJ  A) a viia  iio*  REFERENCE(S)  : 

DATE:  V-  TIME:  

TECHNOLOGY : em*LX—  AUL/UT  £ 


DEVELOPMENT  FORECAST: 


| DATE 

MILESTONE/COMMENTS 

1 

1 1998 -LAUNCH 

| $ , K TECH.  DATE 
| FUND.  LEVEL  ERROR 

i 

| 2000 -LAUNCH  | 

| $ , K TECH.  DATE  | 

| FUND.  LEVEL  ERROR  | 
1 1 

| 1988 

1 

1 

1 

| 1989 

fSroc*£±or 

1 

l /r<? 

1 S & L^C 

| 1990 

(Plractiso*-  b?$7y i 

| /s~o 

1 

j 5 c^a~< 

| 1991 

4t^v> 

l 

i 'ioo 

(*) 

i 

1 5^-< 

| 1992 

i 

krKth  U ko* 

! L/00 
1 

1 

| 

1 __ 

| 1993  'fes'k'y 

l_  J 

1 (l \oo 

■b) 

S<^- 

*l_ 

1 

1 

| 1994 

1 

1 

1 

1 

1 

1 

| 1995 

"I" 

1 

1 

1 

1 

** 

1 

| 1996 

1 

1 

1 

1 

1 

1 

1 1997 

~f 

i 

1 

1 

* NOTE:  Technology  selection  cut-off  date  for  a 1998 -launch  mission. 

**  NOTE:  Technology  selection  cut-off  date  for  a 2000- launch  mission. 

ORiGiHAL  P/iQF 
Or  POOR  Qo’AUTY 
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TECHNOLOGY  PLANNING  WORKSHEET 

WORKING  GROUP:  Gto^t  REFERENCE (S ) : 

DATE:  50  JZ&. Z TIME:  _ 


TECHNOLOGY:  VLSI  end  Mars  GPS  S ^Uug 


KEYWORDS : 


RELATED  TECHNOLOGIES:  l/L.6  t GPS  T£>P£Y' 


■e*vf  i 


DESCRIPTION: 


-■CO/O^g^r  -P-T  <2  AA^Ai^L  fPS  / Pf?jJ 

m udud&Ae-d — c -ff<Jnr<  M _P>  l <~shsg-rt/tj^rv'(g>^ 

WpQO — JELclX  i'h jM^th  c-^^nnej «/  4 li  n 2.Q  rri 

_ ii  i i a / I >»  / p ; r~ 


l^S Vo  />  root  Jt 


+ti  /*<*  ill*  r n </<*A  t <z/c 


6P^ 

i^uiJ  /&*-»*/ i£_  ugM  icb  „ v 


uz-k  U be.  it>qcxa4^ 

^ V /ico Al<«nL^  ff>g,  c^c*cnpc<,i<^rr  cr^  Gj 

/T?Ufe£ — £ll2-i — ^ <->  Ce/fi^Vc/  rnc^tiG r?t ET*s/£t-\- A 

^6^  (j  ^ vS  ^ s f-cs  e^?^/y? e/~ < (?~P^  •'PPA/  co<Jc 

' 7 - 77 * 7 7 ^ 


cfvS  4rcinis/,1^s,/t?^  <>|. 

STATUS : C^/rijCoocf-^^ 


S^s  ■f'e/n  ^ -s,  V«  /c.  i e*f?dc.le~>' 3 
4 ntgLjt-s-s.  hauc^  b_&£r\ 

/g-x/  S , L^ocJ  5~  e>^  A 


0/0*^  & 

/e< 


<0+74? 


#- 


PROGRAMS/EXPERTISE : 


MRSR  MISSION  DRIVERS:  tkc^^Ju  4»  consol  mA^n  Ml,<y 

^ty  r°  c° — t&t-Lh — r * £ — ~^Ef — th<=> — S ar^cj  n~,^p  C*  s^ci  4or  rntb^/oc 

»tl<?J 


MRSR  APPLICATION  ISSUES: 


5-AA-3A 


WORKING  GROUP:  

DATE:  TIME: 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 

TECHNOLOGY  PLANNING  WORKSHEET 

REFERENCE(S) : 


PAGE  2 


TECHNOLOGY : 


DEVELOPMENT  FORECAST: 


MILESTONE/COMMENTS 


DATE  | 


1988 


"ffir* 


i_-bor*a  -tremryutkj 

(_CM  ^ 

1989  4e*»+- 

S/CBI 

10  Pr  ocdc^ 

C.P  , i <r  p<-^ 

(Vlnl+.  c:*— ’g**-*  «X  — 

TO  pSA. 


1990 


1991 

v/  UR  i 

R 

s ^ ^ w 

— Sts 

1992 

bu*l^ 

6l  Pt>  f6c**u 

— 

(Vittel 

iVCL-b-w'.  o ci 

1993 

1994 

1995 

1996 

1997 

;-m 


1998-LAUNCH 
$ , K TECH . DATE 
FUND.  LEVEL  ERROR 


lO 


5 * /0 


X v-  1 & 

< 

/ O x T& 


k/D 


2000 -LAUNCH 
$ , K TECH . DATE 
FUND.  LEVEL  ERROR 


**  I 


* NOTE:  Technology  selection  cut-off  date  for  a 1998-launch  mission. 
**  NOTE:  Technology  selection  cut-off  date  for  a 2000-launch  mission. 
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1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 
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TECHNOLOGY  PLANNING  WORKSHEET 

WORKING  GROUP:  REFERENCE(S)  : 

DATE:  v/3o  TIME:  

TECHNOLOGY:  Q T ^ Vcgj 


DEVELOPMENT  FORECAST: 


| DATE  | 

| 1998-LAUNCH  | 2000-LAUNCH  | 

MILESTONE/COMMENTS  | $,K  TECH.  DATE  | $,K  TECH.  DATE  | 

1 FUND.  LEVEL  ERROR  | FUND.  LEVEL  ERROR  | 

1 1 

| 1988 

1 1 

| 1989 

1 1 

( /QjUL  str\ 

| 1990 

— (h-tkX-  3 f * ^ 

- ' 

| 1991 

1 1 

| 1992 

1 i 

1 1 

| 1993 

1 1 
1 *l_ 

| 1994 

1 1 

| 1995 

~f  ”i” 

! 1 

**  1 

| 1996 

1 1 
1 1 

| 1997 

~f  ~f 

i i 

* NOTE:  Technology  selection  cut-off  date  for  a 1998-launch  mission. 
**  NOTE:  Technology  selection  cut-off  date  for  a 2000-launch  mission 


5-AA-37 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 
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TECHNOLOGY  PLANNING  WORKSHEET 


WORKING  GROUP:  REFERENCE(S)  : 

DATE:  TIME : 


TECHNOLOGY: 


1/vmk/'LJ*  ^ ^ — & j- 


DEVELOPMENT  FORECAST: 


1 

1 

| DATE 

I 

MILESTONE/COMMENTS 

1 

| 1998-LAUNCH  | 2000-LAUNCH  | 

| $ , K TECH.  DATE  j $,K  TECH.  DATE  j 
| FUND.  LEVEL  ERROR  | FUND.  LEVEL  ERROR  | 

i _ _ i l 

| 

| 1988 

l 

| 

(z) 

1 1 

j j 

1 

| 1989 

| w 

1 

1 ls<i  ^ 

(?) 

1 

1 I 

1 

| 1990 

i~ 

< 

Vo 

1 

1 

O) 

1 

_ 1 _ \ 
I 

V - 

| 1991 

i 

1 y&  k 

_l_ 

Cb) 

I 

1 

1 

| 1992 

1 

1 

V 

(5 ) 

1 

1 

f 

| 1993 

1 Ayy^T-^  <r^ 

i L&  >v 

i 

((>) 

1 

1 

*L 

r 

1 

| 1994 

f 

| 1995 

I 

1 

i 

~f 

i 

— i 

(Ci 

1 

1 

~f 

i 

**  | 

1 

| 1996 

f 

| 1997 

1 

i 

”f 

i 

1 

i 

"f 

i 

* NOTE: 

Technology  selection 

cut-off  date 

for  a 

1998-launch  mission. 

**  NOTE 

: Technology  selection 

cut-off  date 

for  a 

2000  - launch 

mission. 
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TECHNOLOGY  PLANNING  WORKSHEET 

WORKING  GROUP:  £l oqai  MAVJCAtjp"  REFERENCE (S ) : 

DATE:  V/30  TIME:  


TECHNOLOGY : Rov/er  K/ai/i^ATIQN  SjrsTgn  QcjjCBfri  AjJD  A lc^/recTV*E 


KEYWORDS  : N)A*/f&A  T/oiu  S^fTENS 


RELATED  TECHNOLOGIES:  Ivekt/Al  MAi/i^A  T)pR  £ art<0  cAAPH  Y )[L6_L^ 

Raoio  Metrics^  Image  C-oRflEi-ATfo*/  ; :^QptjcaZ  Na  Arrow  ~ 


DESCRIPTION:  , . , ....... 

There  is  a clear  need  to  examine  in  depth  the  s/ste 

level  issues  and  alterative  approaches  to  global  navigation  th 
were  discussed  in  the  rover  workshop.  The  range  of  applicabil i 
of  alternative  navigation  concepts  must  be  evaluated  in  terms 
accuracy,  reliability,  response  time,  functional  redundanc 
operational  complexity,  degree  of  autonomy,  cost  effec tivenes 
power  and  mass  requirements,  and  technology  readiness.  Th 
system-level  task  would  identify  specific  combinations 
technologies  that  provide  full  navigation  functionality,  quant i 
the  tradeoffs  among  them,  and  parameterize  the  range 
app ! i cabi 1 i ty . 


m- 

at 


of 
f y 
of 


STATUS:  Leu  El  1 . 

Trotvipu  al  Tbchmloaibs  at 

VARIOUS  VELRBES 

_AJE MAT c/Rir  r. 

Tvtec-r  at  mo  i o to  Ro^ea.  System 

C.otJc.EPT' 

mr  Do  u E . 

PROGRAMS /EXP  ERT I S E : 

SYSTEM.  ZNCIVEtfilfJ  C-  APPro  Ac  HES 

IvELc  OBVBLOPEP 

9 

MRSR  MISSION  DRIVERS: 

G-L0/3AL  NAl/l  C-Atiou  A ccuRtk^Y. 

COST  , 

RfSTS.  or  Info*  MAr/o  k>  Rf~.ru/iv 

MRSR  APPLICATION  ISSUES:  EArtTfl-$AX£p  Q^OofKdO  j 

P££RfE  pE  /pEA$l/}LE  ~ OPricfiL  1 /znso5  #AOto  HETZic 

-Mgr/voo;  Fo_&  vfiptrtvt  j v6rtr/4i  a/ai//^a  r srsrtto  . j */rfc  £ aat 

A*<>  A/a  VtCATiOA/' 


5-AA-40 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 

TECHNOLOGY  PLANNING  WORKSHEET 


WORKING  GROUP:  C-uoOfin. 

DATE:  H/lO  TIME:  


REFERENCE(S) : 


TECHNOLOGY:  Rover  SrsrgtA  CojjcjLprj  Ajvo  Arcjjj  t^ctvrb 


DEVELOPMENT  FORECAST: 


DATE 


1998-LAUNCH  | 2000-LAUNCH  | 
$ , K TECH.  DATE  j $,K  TECH.  DATE  | 
FUND.  LEVEL  ERROR  j FUND.  LEVEL  ERROR  j 


MILESTONE/COMMENTS 


1988  DBFitJE  Acre  *a/Ati\/E 
sysre*  c.owe-e#?r3 

1989  A s$e~ss  A fpli<^a$L£ 
TE£~UNOU>G-Y 

1990  COHOUC-T  xmop-  STUD  I B J 

PARAntrERllB  SrSTE  M 
hffUC^AOl  LIT? 


1992 


1993 


1994 


1995 


1996 


1997 


ZOO 


Z I O 


no 


2.30 


* NOTE:  Technology  selection  cut-off  date  for  a 1998 -launch  mission. 
**  NOTE:  Technology  selection  cut-off  date  for  a 2000-launch  mission. 
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TECHNOLOGY  PLANNING  WORKSHEET 
WORKING  GROUP:  Cj-Q^AL  A/AU  REFERENCE(S)  : 

DATE:  {±[yo  TIME:  

TECHNOLOGY : /^OV£K  A UJ  £-AT/DX)  CcucjEgTS.  A GC  \±  f rg  £TWZ 


ADDITIONAL  WORKSPACE: 


The  United  States  has  never  operated  a roving  vehicle  on  the 
surface  of  another  planetary  body,  without  the  assistance  of  a 
human  driver,  as  in  the  Apollo  program.  Thus,  the  remote  control 
of  the  path  of  such  a vehicle,  whether  the  computations  are 
performed  on  the  vehicle  or  on  the  earth,  is  entirely  new 
technology.  Not  only  are  new  measurement  and  processing 
technologies  required,  the  basic  system  concepts  and  architecture 
are  not  well  understood. 

With  regard  to  the  global  navigation  problem,  the  position  of  the 
rover  can  be  kept  track  of  by  means  of  an  onboard  inertial 
navigation  system,  consisting  of  gyroscopes  and  accelerometers 
sensitive  along  all  three  axes,  as  in  the  case  of  many 
terrestrial  vehicles.  However,  the  accuracy  of  this  inertially- 
determined  position  degrades  rapidly  with  time,  so  that  it  is 
useful  only  as  a short-term  reference.  Various  radio  metric 
techniques  can  be  used  to  periodically  update  the  inertially- 
determined  position.  With  the  use  of  conventional  Doppler 
tracking  and  ranging  of  the  rover  from  the  Earth,  it  might  be 
possible  to  determine  its  longitude  and  its  distance  from  the 
spin  axis  of  Mars  to  an  accuracy  of  tens  to  hundreds  of  meters, 
with  the  third  position  component  somewhat  more  poorly 
determined.  With  the  addition  of  advanced  Delta-VLBI  techniques 
(not  yet  demonstrated) , it  might  be  possible  to  determine  all 
three  position  components  to  an  accuracy  of  meters  to  tens  of 
meters.  The  data  processing  for  this  Delta-VLBI  approach  could 
take  place  on  the  Earth  (as  has  always  been  done  to  date)  or, 
conceivably,  on  Mars.  Other  possible  techniques  for  obtaining 
periodic  position  fixes  for  the  lander  include  the  siting  of 
surface  landmarks  with  the  onboard  camera  (the  landmark  locations 
must  then  be  solved  for  as  part  of  the  determination  process)  and 
the  measurement  of  the  changes  in  the  Doppler  shift  in  a radio 
signal  from  the  orbiter,  as  the  orbiter  moves  across  the  Martian 
sky.  The  latter  technique  is  the  basis  for  the  Transit  satellite 
navigation  system,  which  has  been  used  for  more  than  20  years  on 
the  Earth.  Its  use  on  Mars,  however,  will  require  considerable 
modification.  These  and  other  system  level  issues  will  be, 
addressed  by  the  proposed  task. 
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INTEROFFICE  MEMORANDUM 


314.1-xxx-ARK 
1987  Mar  02 


TO:  Mars  Rover  Navigation  Development  Team 

FROM:  Allan  Klumpp 


SUBJECT:  Thoughts  on  Rover  Navigation 


INTRODUCTION 

This  document  describes  a spectrum  of  approaches  for  navigating  a Mars 
rover.  Rather  than  proposing  a point  design,  the  document  sketches  a variety 
of  design  components  from  which  the  components  of  a point  design  may  one 
day  be  selected.  The  selection  should  be  based  on  feasibility  studies,  not  yet 
undertaken,  to  evaluate  the  components  in  terms  of  cost,  performance,  and 
other  criteria  to  be  established. 

Some  of  the  components  are  well  known,  having  been  used  for 
interplanetary  spacecraft  navigation  for  many  years.  Others  are  extrapolations 
of  existing  capabilities.  Some  are  based  on  previous  studies.  A few  are  new 
concepts. 


PROBLEM  STATEMENT 

Rover  navigation  must  enable  the  rover  to  explore  the  Mars  surface  to  a 
range  of  <?>  km  from  the  mother  spacecraft  for  a period  of  <?>  days  with 
little  chance  of  getting  lost,  stuck,  or  destroyed.  Specific  objectives  are: 

o Maintain  at  all  times  knowledge  of  the  location  and  attitude  of  the  rover. 
Location  and  attitude  are  with  respect  to  both  the  mother  and  Mars 
centered  coordinates. 

o Map  the  region  around  the  mother  to  a radius  of  <?>  km.  The  map  must 
define  landmarks,  hazards,  terrain  features,  and  topography.  Mapping 
specifications  are  described  in  Section  <?>.  The  map  is  transmitted  to 
Earth  (directly  or  via  the  or  biter)  and  is  used  for  navigating  the  rover. 

o Return  Mars  surface  samples  from  nearby  and  remote  locations  to  the 
mother  for  local  analysis  and/or  for  return  to  Earth. 
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COMPONENTS  OF  ROVER  NAVIGATION 


Dead  Reckoning 

One  of  the  earliest  ways  to  navigate  is  using  deductive  reckoning, 
misnamed  "dead"  reckoning.  Dead  reckoning  is  the  process  of  keeping  track 
of  one’s  location  relative  to  some  starting  point  by  mapping  each  step  as  one 
proceeds  from  the  starting  point. 

The  rover  can  employ  dead  reckoning  by  means  of  a compass  and  an 
odometer.  Possible  compasses  and  odomenters  are  discussed  in  the  followign 
sections. 


Compasses 

One  of  the  earliest  and  simplest  navigation  instruments  is  the  magnetic 
compass.  Although  applicable  to  navigation  on  Mars,  the  magnetic  compass 
lacks  accuracy  even  on  Earth  where  the  magnetic  field  is  far  stronger  than  on 
Mars,  and  it  suffers  from  interference  by  the  magnetic  field  produced  by  the 
rover. 


Gyrocompassing  is  the  process  of  determining  the  direction  of  the 
planetary  pole  as  the  direction  of  the  measured  planetary  rotation  vector. 
Any  of  a variety  of  gyroscopic  sensors  can  be  used,  including  spinning  wheels 
or  laser  gyros.  Latitude  can  be  measured  as  the  angle  between  the  sensed 
vertical  and  the  pole,  minus  PI/2. 


Odometers 

An  odometer  can  use  measurements  of  the  rotation  of  a wheel.  The 
wheel  may  be  one  of  the  rover's  drive  wheels  or  a coasting  or  "fifth"  wheel. 
Errors  in  measuring  wheel  rotation  can  result  from  skidding  and  from  highly 
sloping  local  terrain,  such  as  boulders,  walls,  or  other  obstacles. 

Odometers  based  on  stereoscopic  measurements  of  distances  to  visible 
terrain  features  (see  below)  may  provide  greater  accuracy.  Errors  result  from 
the  finite  dimensions  of  the  features  as  they  are  viewed  from  a variety  of 
directions. 


Inertial  Navigation 

Inertial  navigation  is  essential  measuring  the  short-term  movements  and 
the  slope  of  the  local  terrain.  The  inertial  system  is  likely  to  comprise  an 
array  of  gyroscopes  and  accelerometers.  With  today's  technology,  the 
cumbersome  gimballed  systems  should  not  be  necessary.  Instead,  a strapdown 
system  should  utilize  the  onboard  computer  to  keep  track  of  the  position  and 
attitude  of  the  rover  with  respect  to  the  local  vertical  and  with  respect  to  the 
mother. 
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Stereoscopic  Triangula tion 

Stereoscopic  cameras  mounted  to  provide  the  largest  possible  baseline 
can  be  used  to  measure  the  distance  to  reference  landmarks  by  measuring  the 
parallax. 


Star  Tracking 

The  cameras  must  have  sufficient  sensitivity  to  sense  stars  in  daytime. 
Precise  measurements  of  the  directions  to  identifiable  stars  can  be  used  for 
many  purposes,  including: 

o The  directions  to  two  known  stars  define  a celestial  coordinate  system. 
Relating  celestial  and  Mars-centered  provides  compass  information. 

o By  relating  compass  and  vertical  information,  latitude  is  determined. 

o By  relating  celestial,  vertical,  and  chronometer  data,  longitude  is 

determined. 


Orbiter  Beacon  Tracking 

The  orbit  of  the  Mars  orbiter  can  be  precisely  known  by  a combination 
of  tracking  from  Earth  and  by  tracking  an  orbiter  beacon  from  the  mother. 
The  rover's  location  relative  to  the  mother  and  the  orbiter  can  be  measured 
by  tracking  the  orbiter  beacon  from  the  rover  and  comparing  rover  and 
mother  measurements. 


Landmark  Tracking 

Once  a map  of  the  terrain  is  generated,  the  rover  can  track  known 
landmarks  to  navigate  relative  to  the  mother.  Although  this  navigation  is  no 
more  accurate  than  the  mapped  landmarks,  landmark  tracking  can  be  used  for 
homing  in  while  returning  to  the  mother. 


Reflector  Tracking 

A pattern  of  reflectors  on  the  mother  can  be  used  in  much  the  same 
way  as  it  is  for  rendezvous  and  docking  in  space.  A laser  sensor  measures 
the  range  to  individual  reflectors  by  measuring  the  round-trip  light  time,  and 
the  direction  by  measuring  the  location  of  the  reflector  image  on  a CCD. 
Range  can  be  measured  to  submillimeter  precision. 

Measurements  of  the  range  and  direction  to  the  individual  refelctors 
determines  the  position  and  attitude  of  the  rover  with  respect  to  the  mother. 
Preliminary  studies  by  Noble  Nerheim  and  others  at  JPL  show  that  these  data 
can  be  measured  to  great  accuracy  at  a range  of  tens  of  kilometers,  using 
lasers  and  reflectors  of  reasonable  power  and  size. 
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Each  reflector  is  a corner  cube.  Individual  reflectors  can  be  identified 
in  a number  of  ways.  One  way  is  to  place  the  reflectors  in  a pattern  whose 
geometry  variations  define  individual  reflectors.  Another  way  is  to  place  each 
reflector  behing  a spectrally  coded  filter. 
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SOME  THOUGHTS  ON  ROVER  NAVIGATION  REQUIREMENTS 

To  try  to  get  a feel  for  how  the  scientists  would  look  at  the  problem 
or  specifying  navigation  requirements  for  a roving  mission  I called  Hal 
Masursky,  who  really  could  only  confirm  a few  general  thoughts  I'm  sure 
we  all  have  had  on  the  subject.  The  scientists  would  like  the  vehicle  to 
be  capable  of  traversing  a certain  total  distance  in  the  prime  mission, 
and  also  be  capable  of  local  detailed  probing  into  interesting  terrain: 
climbing  some  distance  up  into  mountain  canyons  and  of  course  back  down  aaain 
circling  around  craters  with  complex  debris  environments,  sampling  at 
a range  of  radial  distances  from  such  craters,  meandering  up  flow  channels, etc 
Masursky  thought  that  the  only  sensible  approach  at  the  outset  was  to  attempt 
to  get  NASA  to  acquire  meter  level  maps  of  possible  landing  areas  and 
environs  so  that  the  planning  and  Nav  jobs  could  be  done  completely  opticallv 
very  few  surprises  would  have  to  be  overcome  during  the  roving  mission  by  Y' 
the  hardware  and  a large  number  of  intricate  rover  excursions  could  be 
planned  in  excruciating  detail. 

The  MO  mission  of  course  would  have  to  be  the  data  gathering  precursor 
a role  MO  is  currently  resisting  because  of  budget  considerations  of  course. 

^ planning  and  nav  jobs  are  greatly  different,  as  is  the  science 

achievable,  in  the  two  extreme  scenarios  for  apriori  data complete  lm  maps, 

or  the  current  state  with  Viking  maps  and  resolutions  of  50m  to  150m  or  worse 
Obviousiy  the  rover  and  its  capabilities  would  be  considerably  different 
m the  two  cases  as  well.  Another  possibility  is  that  MO  will  be  able  to  do 
only  a partial  job  of  imaging  coverage.  In  this  case  even  if  the  new  orbiter 
tills  in  the  high  res  imaging  gaps,  previously  planned  routes  may  be  found 
traversable  only  with  a fairly  robust  rover.  The  point  is  that  at  this  stage 
the  rover  mission  scenarios  are  very  poorly  constrained,  and  the 
possible  nav  scenarios  and  requirements  also  span  a comparably  wide 
space.  Under  these  circumstances,  our  best  bet  would  be  to  identify  all 
possible  navigation  issues  for  the  extreme  mission  types  and  list  the 
solutions  we  would  propose  to  solve  all  the  nav  problems,  that  is,  write 
a comprehensive  nav  document  (perhaps  notable  only  for  its  lack  of  detailed 
quantitative  content 1 ) . 


In  either  case  two  different  modes  of  roving  are  likely:  a travel  mode  to 
go  the  next  interesting  place,  probably  taking  pictures  etc  along  the  wav 
but  not  stopping  to  sample;  and  the  detailed  exploration  mode  in  which  the 
vehicle  intentionally  gets  into  tight  spots,  picks  up  stuff,  images  the  area 
completely,  gets  to  the  edges  of  abysses  etc.  These  exploration  periods  may 
require  a lot  of  earth  interaction  because  the  rover  is  in  tough  spots  and 
even  with  lm  knowledge  of  the  area,  extreme  care  will  have  to  be  taken  Even 
£hen?r?vel  r?ode  ?ver  suPP°sedlY  reasonable  terrain  care  must  be  taken 
tnat  all  hazards  which  could  be  misinterpreted  in  vertical  imaginq 
are  assessed  as  the  vehicle  approaches  them. 

With  high  res  data  available  a priori  you  can  never  really  get  lost 
and  a few  pictures  will  serve  to  reestablish  the  rover's  location  after 
a travel  leg.  But  the  length  of  long  travel  legs  will  be  set  by  the  ability 
to  force  the  vehicle’s  path  to  conform  to  the  desired  path.  Using  inertial 
systems  or  whatever  the  vehicle  will  wander  off  the  desired  path,  and  the 
H^ly  error  buildup,  caused  either  by  hardware  errors  or  terrain  effects 
Wlii  limit  the  allowable  length  of  a completely  blind  traverse.  We  don’t 
want  the  vehicle  to  wind  up  on  the  dangerous  side  of  a feature  from  which  it 
will  take  half  a day  to  extricate  it,  etc.  The  reconstruction  of  the  micropath 
actually  traversed  in  this  blind  way  may  require  using  the  rover  telemetry 
data  and  the  pictures  acquired  along  the  way  (but  not  used  for  control) 

The  micropath  reconstruction  will  be  desired  if  science  data  is  being  taken 
continuously . Since  bit  rates  will  be  low  pictures  for  science  or  recon  will 
be  few,  and  the  detailed  micro  path  knowledge  may  depend  on  integrating 
accelerometer  data  etc,  perhaps  not  a 314  type  of  job.  The  pictures  will 
of  course  tie  the  vehicle  to  the  high  res  map. 
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In  the  low  res  map  case  all  the  methods  we  have  talked  about  earlier 
will  be  needed.  That  is,  cameras  set  several  meters  off  the  ground  will 
have  to  take  pictures  and  return  them  to  earth  where  analysts  will  pick 
a safe  path,  and  transmit  commands.  The  path  control  and  knowledge  will 
again  depend  on  the  telemetry  and  the  pictures,  but  in  a different  way. 

Now  a single  picture  will  not  locate  the  rover  relative  to  the  mother, 
and  to  all  nearby  hazards  and  to  the  desired  path,  but  will  only  serve  to 
help  estimate  the  path  error  that  has  built  up  since  the  last  command  to 
proceed  was  sent.  Finding  the  location  of  the  rover  relative  to  the  mother 
and  to  hazards  will  require  the  radio  techniques,  or  the  large  number  of 
pictures  required  to  find  the  rover  in  the  low  res  map. 
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S.  P.  Synnott 


uRa.pt 


Mars  Rover  Navigation  Techniques 
T.  Rover  Relative  to  Mother;  Mother  Absolute 

1)  Radio  from  either  earth  or  the  orbiter  or  both,  received  and 
used  differentially  at  both  the  mother  (TO  and  the  rover  (R) . 


Figure  (1) 
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Suppose  a complex  code  (i.e.,  train  of  well  defined  variations  in 
the  radio  stream)  were  sent  from  earth  and  merely  recorded,  time  tagged 
and  returned  to  earth  by  both  the  Mother  and  Kover,  The  correlation  of 
the  two  signals  will  give  the  time  delay  shown  in  Tigure  (1)-  The 
Mother  and  lander  need  clocks  or  perhaps  only  need  to  receive  ,rbeeps” 
from  an  orbiter  clock-  hut  the  arrival  times  of  the  beeps  will  depend 
on  the  locations  so  an  independent  way  of  synching  the  clocks  is  needed. 
The  At  observed  from  the  earth  data  consists  of  a cosine  term  plus 
the  clock  bias  At^ 
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At  the  earth  rise  for  example  the  rover  clock  may  be  advanced  slightly 
from  the  mother  vehicle's  clock  so  it  sees  the  earth  pulse  earlier, 
causing  an  interpretation  that  At  and  hence  distance  is  larger  than  it 
really  is.  "But  now  suppose  that  we  can  also  illuminate  the  landers  from 
the  orbiter  with  a series  of  complex  signals.  The  bias  in  the  rover 
clock  now  seems  to  shorten  the  distance  between  them  when  they  are  at 
orbiter  set.  'We  should  therefore  be  able  to  eliminate  At^, 

The  earth  or  orbiter  illumination  should  probably  carry  timing 
pulses  as  pictured. 


The  lander  clacks  then  can  be  made  .lust  smart  enough  to  bridge  a 
few  pulse  periods  without  drift.  They  need  be  no  better. 

but  accuracies  achievable  with  this  approach  have  to  be 
investigated . 
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The  mother  lander's  position  can  probably  be  determined  by  earth 
based  tracking  to  a few  meters  in  a "Mars  radio"  frame.  The  orbiter’s 
position  will  probably  only  be  good  to  a few  kilometers,  but  these 
relative  locations  can  be  tied  together  using  pictures  obtained  by  a 

combination  of  the  orbiter  and  landers. 

The  rover  can  map  out  an  area  a few  10' s of  meters  around  the 
mother,  and  this  large  patch  can  then  be  identified  in  orbiter  pictures 
good  to  perhaps  a few  to  10  meters.  The  optical  and  radio  locations  of 
the  mother  can  then  be  compared  to  achieve  at  least  one  point  in  a frame 
tie  - i.e.  a tie  of  the  picture  frame  to  the  dynamical  frame. 

11.  "Rover  Klavigation 

The  method  described  above  will  give  mother-relative  tiepoints  at  a 
few  places.  The  trick  of  mapping  a local  patch  with  the  rover  will  also 
allow  tiepoints  to  be  determined  in  the  orbiter  picture  data.  So  two  of 
the  functions  of  rover  nav  - reconstruction  and  safely  returning  to  the 
mother  - will  be  "anchored"  considerably  by  these  previous  techniques. 
The  problems  now  remaining  are  those  of  local  safe  route  finding  and 
reconstruction  of  the  detailed  path  - i.e.  control  and  then  knowledge  of 
the  path  microstructure.  "Here  the  rover  onboard  cameras  provide  the 

critical  data. 

In  gross  terms,  the  distances  traveled  in  short  bursts  by  the  rover 
will  he  in  straight  lines  or  nearly  so,  and  the  actual  direction 
traversed  will  be  observed  in  picture  data  by  keeping  track  of  the 
locations  of  rocks,  etc.,  in  a series  of  pictures.  Parallax  will 
provide  distances  (although  to  date  no  detailed  analyses  on  accuracies 
achievable  have  been  attempted).  but  a significant  problem  appears  to 
be  the  determination  by  the  rover  of  bearing  or  azimuth  and  in  fact  the 
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specification  of  bearing  to  the  rover  by  the  controllers.  How  is  the 
rover  to  understand  or  sense  bearing?  The  rover  will  not  have  a long 
distance  view  to  allow  it  to  target  itself  to  a distant  objective.  The 
magnetic  field  possibility  may  not  be  satisfactory. 

Stars  are  on  obvious  possibility  if  a useful  number  of  them  can  be 
detected  through  the  daytime  atmosphere.  The  f ield-of-view  and  the 
detector  would  have  to  be  designed  to  allow  orientation  about  the  local 
"up"  to  within  a few  degrees. 

Ihe  deviation  of  the  actual  motion  from  that  desired  is,  as 
mentioned  above,  to  some  extent  measurable  by  watching  the  cross-las 
position  of  objects  in  the  field. 

The  knowledge  of  the  microstructure  of  the  path  can  be  refined  or 
smoothed  after  the  global  tiepoints  are  nailed  down,  as  described  above. 

A picture  planning  type  of  function  also  will  be  required  to  assess 
the  types  and  volumes  of  pictures  required  to  both  measure  the  motion  as 
it  happens,  and  for  reconstruction,  perhaps  including  using  backward 
looking  frames. 
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8.7  ATTITUDE  TRACKER 


Fred  C.  Billingsley 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology 
Pasadena,  California  91109 


L^ne  array  sensors  produce  data  which  has  no  inherent  geometrical  continuity. 
Hence  any  platform  attitude  variation  will  be  evidenced  as  a distortion  when 
the  data  lines  are  displayed  in  the  normal  Cartesian  raster.  Ancillary  sensing 
is  retired  to  establish  the  platform  attitude  to  allow  geometric  rectification. 
This  is  normally  provided  by  inertial  or  star  reference  attitude  sensors. 

However,  in  the  absence  of  such  sensors  or 'if  performance  of  them  is  degraded, 
the  reauired  attitude  information  is  lost. 

A strawman  sensor  design  is  proposed  which  utilizes  small  image areas 
on  the  ground  to  provide  a series  of  motion  vectors  with  which  Platform 
attitude  can  be  tracked;  this  allows  the  distorted  image  received  by  the  normal 
image  line  sensor  to  be  rectified. 


THE  PROBLEM 

Future  sensors  of  the  linear  array  type  will  return  lines  of  data  which 
are  independent  in  the  sense  that  there  is  no  data  tie  between  them  It  is 
essential  for  mapping  and  stereo  work  that  the  data  lines  used  for  analysis 
be  in  precisely  the  correct  geometrical  position.  If  the  sensed  image  lines 
are  not  in  the  correct  positions,  interpolation  or  other  compensation  must 
be  . ^fnre  analysis.  But  there  is  no  information  in  the  data  as  planned 
to  measure  tne  correctness  of  position;  position  accuracy  depends  on  platform 
attitude  accuracy  for  a sufficiently  long  period.  Anticipated  spacecraft 
control  parameters  will  be  (marginally)  adequate  if  all  is  perfect,  but  there 
is  not  mucn  tolerance  for  degradation,  nor  any  planned  way  to  work  around 
de-rgr-a* - 0ns  The  use  of  ground  control  points  will  be  necessary  for  precise 
tie  to  tne  around,  but  will  be  clumsy  for  continued  use  for  the  stereo  tracking, 
end.  in  an -/event , surveyed  ground  control  ‘points  will  not  be  available  tor 
mar  areas".  Tne  problem  is  exacerbated  with  an  aircraft  platform  due  to  t e 
ubiquitous  attitude  instability. 


WHAT  IS  NEEDED 

What  is  needed  is  a system  for  analyzing  the  platform  motion  as  reflected 
in  tne  ground  distortions,  which  may  be  used  to  1). verify  platform  stab  ty 
a"d  2)  provide  the  data  for  correcting  the  geometric  aspects  of  the  imag 
lines,  either  in  parallel  with  the  expected  good  performance  of  a spacecraft 
platform  or  to  compensate  for  degraded  performance.  Ideally,  the  system 
would  be  useful  on  board,  but  ground  calculations  and  correction  would  be 
acceptable.  Maximum  use  should  be  made  of  the  GCPs  and  the  Global  Positioning 
Svstem,  but  the  system  should  allow  (perhaps  degraded)  use  without  these. 
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STRAWMAN  SOLUTION 


A system  for  providing  the  data  for  self-tracking  could  be  designed  as 
follows:  As  part  of  a separate  sensor  boresighted  to  the  imaging  sensor  a 

set  of  small  square  image  areas  of,  say  64  x 64  or  128  x 128  pixels,  arranqed 
as  sketched  (Figure  1)  is  imaged  on  to  a-  set  of  area  array  detectors.  All 
are  read  out  simultaneously  into  a set  of  memories.  For  each  area,  the  dis- 
placement between  it  and  a previous  image,  taken  a few  image  1 ines  ’previousl v 
is  determined.  The  sequential  set 
of  displacement  vectors  may  be  used 


to  model  the  platform  attitude  vari 
ations,  and  to  generate  the  geometric 
correction  parameters.  The  related 
software  will  have  to  bridge  gaps 
in  the  displ acenient  vector  sequence 
due  to  clouds  or  other  noncorrel ation , 
and  to  operate  in  areas  of  terrain 
rel  ief . 


AREA 

ARRAYS 


LINE 

ARRAY 

PRIMARY 

IMAGE 

SENSOR 


Fi gure  1 . 
Possible 
Arrangement 
of  Area 
Array  Sensors 


Data  analysis  follows  the  well  known  stereo  compilation  principles.  The 
effects  as  seen  in  normal  stereo  compilation  practice  are  given  in  Fiqures 
2 and  3 (from  D.  H.  Alspaugh,  "Stereo  Compilation  and  Digitizing,"  Proc.  Latin 
American  Technology  Excnanqe  Week.  Panama  City,  May  1979,  p.  314).  


b. 


/r • eventual  instrument,  the  data  processing  would  be  sel f-containoH 

or  Utilized.50  1 ° y ^ d6nVed  attUude  Parameters  would  be  transmitted 
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Figure  4.  Data  Processing  Block  Diagram  and  Timing 

KhichLop^ates°i!  V^6  Pl™e  comParator*  Including  the  FFT, 

thi e n t L"  1/30  second-  Incorporation  of  this  approach  could  allow 

this  part  of  the  processing  to  be  time-multiplexed.  M0W 

1 


Kuglin,  C.  D.,  Hines,  D.  C.,  "The  Phase  Correlation  Image 

™Tk  ^ethod’  Proc.  IEEE  1975  International  Conferee 
on  Cybernetics  and  Society,  pp.  163-165. 


r_S0  ’ J‘  Hlnes  D-  c->  Golosman,  S. , "Video  Rate 
Image  Correl ation_Processor SPIE  Vol.  119,  Applications 
of  Digital  Image  Processing,  TOCC  1977.  pp.  T9 7- 2 05 
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8.5  All  AUTOMATED  MAPPING  SATELLITE  SYSTEM 

Alden  P.  Colvocoresses 
U.S.  Geological  Survey 
National  Center,  Mail  Stop  #520 
Reston,  Virginia  22092 

Abstract 

Throughout  the  world,  topographic  maps  ««  “ 

scereoplotters  that  recreate  the  gs=™“7  „„  such  as  strip 

stereo  frame  photographs.  Con  nu  lin„arBarrays  of  detectors  (push 
cameras,  electro-optical  scanners,  --  ^ tn  cheor/,  topography 

brooms)  can  also  create  stereo  * f an  alrcraft  In  the  atmosphere 

can  be  compiled.  However  the  instability  t of  space  permits 

this  approach  impractlcal^t^The^benlggh  ^ ^ as 

a satellite  to  orbit  th  . . Solid-state  linear-array  sensors 

no  local  perturbing  forces  are  involved.  So lid .sta  ^ ^ satellite. 

have  no  moving  parts  and  cre®C®. n0  P linear  arrays  are  amenable 

Digital  data  from  highly  stabilize  olanimetric  imagery  and  elevation 

haSIbeene 

proposed  to  accomplish  ^tomaJed^PP^nt^rseas  close^s^O-m  interval 
L?s  as  large  as  1:50,000  scale  with  contours  as  cios 

nay  be  produced  from  Mapsat  data. 

Background 

The  geometry  of  ^”'!0  Transforming  such  photographs 

ror  manv  cntiC3~  s-eos  ae*ie=  treater  stability  and 

satellite  offers  the  unique  advantages  of  much  greater 

uniform  velocity. 

Utilising  these  advantages,  a 

imagery  of  mapping  quality,  even  8*  uith  Its  Inherent 

imaging  system  “ ^e  ne^t  gelation  of  space  sensors  will 

high  geometric  ride^w/.  *he  - 8 that  involve  no  moving 

include  solid-state  Unear  arrays  ' (-»•  ^ 1 metric  fidelity  they 

oarts.  By  continuous  imaging  with  very  hig  8-  =he  Earth 

will  permit  in  part  che  fundamental  difference 

t:!we:r::^„^i^innrtUinuous  sr.reo  methods  is  Illustrated 

bv  figure  2. 


Ar d rovec 
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At  least  four  papers  have  been  published  that  relate  direcMv  m =,  , 

III  *•  ^°»«“  «-  «)  on*the  ,1t1rn1‘prc"”ySc^cebp"lCaU>' 

. - « sss  srsr^ 

C3T  be  scanned^usi  ln*Cn,oenCatrion  b?  whlch  a conventional  stereomodel 
can  be  scanned  using  the  epiPolar-plane*  principle,  and  thus  reducing 

Sr  COrreiaCion  from  a two-dimensional  to  a basically  one-dimensional 

Is-iSSr  d«ScriSed  tHe  automated  stereo-mapper 

dieitfl  I26?  the  epipolar-SCan  conceP^  and  one-dimensional 

digital  image  correlation  described  by  Helava  and  Chapelle.  Thus  the 

concept  of  reducing  photogramme  trie  data  stero  correlation  from  two 
, dimension  is  well  established.  The  cited  literature  however 

oes  not  escribe  the  possibility  of  imaging  the  Earth  directly  in 
stereoscopic  digital  form  suitable  for  one-dimensional  processing. 

Beginning  in  1977  a serious  effort  to  define  a stereo  satellite  or 
St.reosat  (o)  was  undertaken  by  NASA.  The  Stereosat  concept  calls  for 
linear-array  sensors,  looking  fore,  vertical  and  aft,  but  fts  principal 

toJ^D  ,Vr  C°  pr0Vlde  a stereoscopic  View  Of  the  Earth  rather  than 
“P  1C.1"  auComated  mode.  There  are  other  ways  of  obtaining  stereo 
imagery  with  linear  arrays.  The  French  SPOT  (6)  satellite  can  look 

°r  r‘*ht  = »<=><  thus  achieves  stereo  bv  combining 

LavTfS  P3SS,!S  ° A"'  ^ Sa"Ui:'-  Muitlspectral  LlJ“?  ^ 

iZt*  h °nrP‘  <7>'  as  s°  far  d*«"ad.  «11.  tor  fore  and  aft 
looks  through  the  same  set  of  optics  by  use  of  a rotating  mirror. 

However^neither  the  SPOT  nor  NASA 1 s MLA  approach  are  considered 
optimum  tor  stereo  mapping  of  the  Earth,  as  neither  is  designed  to 
acquire  data  in  continuous  form.  g 0 


.larsa:  Geometric  Concept 

paoe-s  onrtMsr!TS'nC  3 relatlvs1^  "»  te^ote  sensing  concept.  Five 

during  Sarcn  973  <T  'wl /•  2 ^ ASP/ACSM  a"nUal 

S ( ,7,1U,11,j.2).  These  papers  concentrated  on  detector 


An  epipo^ar  plane  is  defined  by  two  air  or 
stations  and  one  point  on  the  ground. 


space 


exposure 


(imaging)- 
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technology  and  the  application  of  linear  array  sensors  in  a vertical 
imaging  mode.  Welsh  (13)  recently  described  the  geometry  of  linear  arrays 
in  stereo  mode,  although  his  error  analysis  for  such  a system  is  based  on 
measurements  made  from  images  rather  than  computations  based  on  the  digital 
data. 

By  combining  the  technology  of  linear  arrays,  the  concept  of  epipolar 
plane  scanning,  and  the  experience  gained  from  Landsat  and  other  space 
sensing  svstems,  Mapsat  was  defined  (14),  and  its  proposed  parameters  are 
listed  in  Table  1.  The  Mapsat  concept  was  the  work  of  several  Individuals, 
but  perhaps  the  single  most  important  contribution  was  that  of  Donald  Light 
(verbal  communication),  then  of  the  Defense  Mapping  Agency,  who  first 
suggested  that  epipolar  planes,  as  described  by  Helava  (3)  and  ased  in  the 
AS-I13-X  plotter,  could  be  achieved  directly  from  space  and  that  topographic 
data  tugnt  then  be  extracted  in  real  time.  There  are  several  feasible 
configurations  by  which  linear  array  sensors  can  continuously  acquire  stereo 
data.  It  was  decided  that  the  system  must  permit  selection  from  the  three 
spectral  bands,  provide  for  two  base-to-height  ratios  of  0.5  and  1.0  and 
be  compatible  with  the  epipolar  concept.  Figure  3 illustrates  the 
conf iguration  selected  to  accomplish  the  stereoscopic  as  well  as  monoscopic 
functions . 


Actuating  stereo  data  of  the  Earth  in  epipolar  form  directly  from  space  is 
tne  fundamental  geometric  concept  of  Mapsat.  The  epipolar  conditions 
shown  in  Figure  4 implies  that  five  points — the  observed  ground  point  P, 
the  two  exposure  stations  S and  S , and  the  two  image  detectors  f and  a --lie 
in  a sir.ale  plane.  If  this  epipolar  condition  is  maintained  as  the  satellite 
moves  along  its  orbit,  every  point  P observed  by  detector  f in  the  forward 
*-  . ^ -rav  will  also  be  observed  subsequently  by  detector  a in  the  aft 

loaning  array.  Thus  image  correlation  can  be  obtained  by  matching 
the  data  stream  from  detector  f with  that  from  a ——a  one— dimensional 
correlation  scheme.  This  description  applies  equally  to  the  use 
of  the  vertical  with  either  the  fore-or  aft-looking  array  but  involves 
a v.  _;..gr  i'C.3)  base-to-height  ratio  than  the  described  use  of  the  fore 
arc  r*.  arravs  (base-to-height  ratio  of  1.0).  In  practice  the  data  streams 
iron  more* than  one  detector  may  be  involved  since  there  will  normally  be  some 
offset  ir.  the  path  of  a given  pair  of  detectors.  Moreover  under  certain 
conditions,  correlation  may  be  improved  by  a limited  expansion  of 
the  correlation  function  to  two  dimensions. 
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Because  each  detector  array  is  looking  at  a different  portion  „f  f)l 

condi*iC  ar>A  3i7en  cirae»  Earth  rotation  complicates  the  epipolar 
condition.  As  shown  in  figure  5,  this- complication  can  be  overcome 
b control_ing  the  spacecraft  attitude.  This  description  is  ohv-Tn  i 
s mplificd;  further  complications  involve  such  factors  as  the  ellinsoid  1 
shape  of  che  Earth,  variations  in  the  orbit,  spacecraft "tabili  y ? 

attituHn  Ver7  ^ eleVaCion  ^^erences.  The  spacecraft  position  and 
p . , e be  precisely  determined  by  such- systems  as  the  Global 

Positioning  System  (GPS  or  N A VS  TAR)  and  frequent  stellar  referencing 
Satellite  attitude  control  involves  gyros  and  inertial  wheels  and  §' 

:;"3  is  of  perturbing  forces  created  by  moving  ^tuated) 

P , attitude  can  be  maintained  for  reasonable  periods  to  the  arc-second. 

Of  course,  the  sensing  system  nust  retain  precise  geometric  r»larinnc(n;n 
“ ““"T  Defining  ?he  corrlH 

e as  in  yaw,  pitch,  and  roll  to  maintain  the  epipolar  condition 

bv ^HowpI  1 ?of CIT^W1  Sr3 CiC3i!  ana^sis*  Two  independent  analyses,  one 
- - - or  iT_(\  (lo)  and  the  other  by  Snyder  (16)  of  U.S. 

eo  ogical  Survey,  conrirra  Mapsat's  geometric  feasibility,  and  a 
• • parent  has  been  allowed  on  the  concept.  Table  2 indicates  the 
maximum  deviations  from  the  epipolar  condition  caused  bv  the  various 
expected  error  sources.  This  table  is  based  on  a half  orbit  (50 Minutes) 
which  covers  the  daylight  portion  to  which  imagerv  is  basicallv  limited 
So  J 'r.  k*  err°rS  V°Uld  be  COnSiderable  if  only  corrected  once 
ste’lar  r-*eren  l*  indlcates»  i°-°inute  intervals  based  on 

srpMa-  UCe  Che  errors  Co  a reasonable  amount.  Ten-minute 

n-T  ! ---e.er.cing  using  star  sensors  as  described  bv  Junkins  et  al 

«r dd; reasrblc  c-*«« <•«««- ■»« 

cnat  resu..  in  the  epipolar  plane  condition  being  maintained  as  lone  as 
adequa  e positional  and  attitude  reference  data  Ire  available and  erlv 

1^  ? illustrates  the  simplicity  of  elevation  determination' 

in  an  .r..oiar  plane  which  is  the  key  element  of  Mapsat. 


st-'n»PniT’;'.-the  '.!apsac  ccncePc  can  be  effectively  implemented  onlv  if 

L!?me:  Tair%r?gardin?  °:bi£'  SCabi11^'  ~f-ence,  and  sensor 

to  date  ,nj  "k  •*  6 ^lscs  che  ‘,aPsaC  geometric  requirements  as  defined 

to  date,  and  each  is  considered  to  be  within  the  state  of  the  art. 

Mapping  Accuracy 

corrodMoeClrK  =he  gao?etrlc  requirements  indicated  and  achieving  stereo 
l "so  ion*  ‘5*  reSuiCing  accuracy  is  compatible  with  scales  as  large 
a,  1 ,0,000  and  contours  as  close  as  20  o interval  based  on  U.S.  National 
tlao  Accuracy  Standards.  Reference  15  covers  this  analysis  in  some  detail. 

^uc  accuracies  result  from  the  indicated  geometric  requirements  and  the 
4 o flowing  factors: 
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Linear  array  detectors  are  positioned  with  sub-micron  accuracy. 

o Optical  distortion  effects,  when  accounted  for  by  calibration, 
are  negligible. 

o Atmospheric  refraction,  because  of  the  steep  look  angles,  is  of 
a very  low  order  and  is  reasonably  well  known;  air-to-water 
refraction  is  also  known  where  underwater  depth  determination 
is  involved. 


o Relative  timing,  which  is  referenced  to  data  acquisition,  is 
accurate  to  within  the  microsecond. 

o Digital  stereo  correlation-,  where_  uniquely  achieved,  provides- 
thre'e  dimensional 'root-mean-square  (rms)  positional  accuracy 

to  within  half  the  pixel  dimension. 


These  considerations  result  in  relative  positional  errors  for  de£^nei 
points  of  only  6 to  7ra  (rms)  both  horizontally  and  vertica  y.  . 

vertical  accuracv  requires  the  1.0  base-to-height  ratio.  Such  accuracy  is 
adequate  for  the  mapping-  indicated  but  assumes  that  control  is  avaiiable 
for  reference  to  the  Earth’s  figure.  As  indicated  by  ITEK  (15)  and  the 
author  (19),  control  points  of  1,000  km  spacing  along  on  orbital  path  ill 
be  adequate  for  such  a purpose.  Where  no  control  exists  the  absolute  accuracy 
of  the  resultant  maps,  with  respect  to  the  Earth's  figure,  may  be  in  rms 
error  by  50  to  100  m although  their  internal  (relative)  accuracy  remains 

at  the  6 to  7 m rms  level. 


Stereocorrelation 

The  determination  of  elevations  from  stereo  data  requires  the 
correlation  of  the  spectral  response  from  the  same  point  or  group  of  points 
as  recorded  from  two  different  positions.  In  the  aerial  photography  case 
these  two  positions  are  the  camera  stations,  whereas  with  linear  arrays  in 
space  the  two  recording  positions  are  constantly  moving  with  the  satelli  • 

In  the  phctoeraphv  case,  correlation  is  achieved  by  orienting  the  two 

Photographs  to  model  the  acquisition  geometry.  Once  this  is  done, 

can  be  achieved  bv  the  human  operator,  or  the  image  stereomodel  can  be  scanned 

and  correlated  by  automated  comparison  of  the  signal  patterns  from  the  two 

photographs . A system  such  as  the  AS-11B-X  (3,4)  generates  one-di«n«on.l 

dig’  tai  data  in  epioolar  planes  from  the  model.  In  theory,  epipclar  data. 

shou'd  be  correlated  much  faster  than  that  from  a system  that  must 

search  in  two  dimensions  to  establish  correlation.  In  practice,  the  automated 

correlation  of  digital  data  has  been  only  partially  successful,  an  , as  . 

P^  has  ricentS  pointed  out,  correlation  by  either  manual  or  automated  systems 
s still  a slow  and  costlv  process.  To  date,  no  one  has  acquired  original  sensor 
d^ta  n epi  olar  f rm.  Thus,  no  one  can  really  say  how  well  such  data  can  be 
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automatically  correlated,  until  a satellite  such  as  Mapsat  is  flown. 

Simulation  using  digitized  aerial  photographs  or  linear-array  stereo-sensing 
of  a terrain  model  are  relevant  experiments  worth  conducting.  However,  they 
will  provide  only  partial  answers,  since  the  degree  of  correlation  will  depend 
on  the  area  involved.  The  characteristics  of  the  Earth’s  surface,  coupled 
with  related  conditions,  such  as  the  atmosphere  and  Sun  angles,  are  highly 
varied;  which  means  that  the  degree  of  correlation  will  also  be  highly  varied. 
This  problem  does  not  imply  that  the  Mapsat  concept  has  not  been  validated. 
Having  stereo  data  organized  in  linear  digital  form  is  of  obvious  advantage 
create  the  three-dimensional  model  of  the  Earth's  surface,  Many  areas 
will  correlate  in  one-dimensional  mode,  others  will  require  two-dimensional 
treatment,  and  still  other  areas  may  not  correlate  at  all.  Bv  properly 
defining  the  satellite  parameters  and  data  processing,,  the  correlation 
funcrion  can  be-  optimized  and  raised  well,  above  that  obtainable-  from  • 
wide-angle  photography  systems.  For  example,  digital  data  can  readily  be 
modulated  to  enhance  contrast  or  edges  that  make  up  the  patterns  on  which 
correlation  depends.  Photography  can  also  be  modulated,  but  It  is  far  more 
difficult  (and  less  effective)  than  digital-data  modulation,  as  film  lacks' 
the  dynamic  range  and  sensitivity  of  solid-state  detectors.  Mapsat  will 
acquire  data  in  an  optimum  form  for  automated  correlation,  which  will  expedite 
the  precise  determination  of  elevations  and  create  digital  elevation  data 
that  are  becoming  a basic  tool  for  many  disciplines. 


Acquisition  Modes  and  Products 

As  previously  described  (14),  Mapsat  is  designed  to  be  operated  in  a 
wide  variety  of  modes.  These  include  variation  in  resolution  (10-rn  elements 
on  up),  spectral  bands,  swath  width,  and  stereo  inodes.  Such  flexibility 
permits  optimum  data  acquisition  without  exceeding  a specified  data- 
transmission  rate  thac  is  now  defined  at  48  megabits  per  second  (Mb/s). 

The  earth  s surface  is  highly  varied,  and  data  product  requirements 
are  likewise  highly  varied.  By  varying  the  acquisition  modes  and,  in  turn, 
producing  a variety  of  products,  the  data  management  problem  becomes 
complicated  as  compared  to  existing  systems  such  as  Landsat  which  produces 
only  two  basic  types  of  data.  However,  solving  this  data  management  problem 
is  a small  price  to  pay  for  a system  that  can  meet  a wide  variety  of 
requirements  for  remotely  sensed  data  of  the  Earth.  Only  four  primary 
products  are  expected  from  Mapsat  as  follows: 

(a)  Raw— data  digital  tapes  from  which  quick— lbok  images  can  be 
displayed  in  near  real  time. 

(b)  Processed  digital  image  tapes  calibrated  both  radiometrically 
and  geometrically  to  a defined  map  projection.  Such  data  will  be 
two-dimensional  (planimetric)  but  describe  the  Earth's  radiance 
(brightness)  in  mul tispec t ral  form  as  is  now  accomplished  bv 
Landsat  Multispectral  Scanner  tapes. 
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(c)  Processed  digital  capes,  again  calibrated  both  radiometrically 
and  geometrically,  but  which  now  describe  the  Earth  s sur.ace 

in  three  dimensions  (topographically)  with  an  associated  radiance 
value.  Such  tapes  are,  in  effect,  digital  elevation  data  sets  of 
the  Earth's  surface. 

(d)  Standardized  images,  both  black-and-white  and  in  color,  which 
include  geometric  corrections  and  radiometric  enhancements.  Such 
corrections  and  enhancements  will  be  of  recognized  general  value 
and  of  a type  chat  can  be  performed  without  undue  delay  or 
excessive  cost.  The  images  would  also  be  of  standardized  scale. 

from  these,  four  basic  products,  a.  wide,  variety  of  derivatives-  can  be  made  which- 
include  the  following: 


(a) 


Black-and-white  and  multicolor 
as  large  as  1:50,000,  or  even 
standards  are  not  required. 


image  maps  and  mosaics  at  scales 
1:25,000  (1:24,000)  where  map  accura 


cy 


(b)  Thematic  displays  and  maps  involving  such  subjects  as  land  cover 
and  land  use  classification. 


(c)  Maps  which  depict  the’ Earth's  topography  by  such  means  as  contours 
(as  close  as  20-m  interval),  slopes,  elevation  zones,  shaded  relief 

and  perspective  display. 


Conclus ion 


Mapsat  will  not  meet  all  anticipated  remote  sensing  requirements, 
and  it  will  in  no  way  replace  those  air-photo  surveys  required  to  meet 
mapping  requirements  for  scales  larger  than  1:50,000  and  contour  interya  s^ 
unless  than  20  n.  What  it  will  do,  is  provide  a precise  three-dimensiona^ 
mult’ spectral  model  of  the  Earth  at  reasonable  resolution  and  in  diglta. 
f oral  Moreover,  the  satellite  will  record  the  changing  responses  of  the 
Earth's  surface  as  long  as  it  is  in  operation. 

Mapsat  can  be  built  today  at  what  is  considered  to  be  a reasonable 
cos  - (-"O  as  it  is  based  on  available  components  and  technology,  moreover, 
it  is  designed  for  simplified  operation  and  data  processing.  Assuming  that 
an  operational  Earth-sensing  system  will  be  flown,  surely  Ilapsat  is  a 
deserving  candidate  for  such  a job. 
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Mapsat  Parameters 


1 

t.r 

o Orbit — Same  as  Landsat  1,  2 and  3 (919  km  alt). 

o Sensor — Linear  Arrays— Three  optics  looking  23°  forward,  vertical 
and  23°  aft.  Three  spectral  bands: 

blue  green  0.47  - 0.57  um 
ted  0.57  - 0.70  um 

near  IR  0.76  ~ 1.05  um. 

o Swath— -180  km  or  portion  thereof. 

o Resolution — Variable — Down  to  10  a element. 


o Transmission  S (or  X)  band,  compatible  with  Landsat  receivers 
but  with  rates  up  to  48  Mb/s. 


o Processing  One  dimensional,  including  stereo. 


Table  1 
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reference  intervals. 


Mapsat  Geometric  Requirements 


1 

\r 


o Positional  Detemina tion  of  Satellite — 10  to  20  in 
all  three  axes. 

o Pointing  Accuracy— Within-  0.1  of  vertical. 

o Pointing  Determination- -Within — ■ 5 to  10  arc  seconds 

cr  Stability  of  Satellite — Rotational  rates  Within^/  10*6  • 

degrees/second. 


V rns  (Lr  ) 

]J  vey-'  high  probability  (3a) 


Table  3 
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Linear  arrays  of  detectors  in 
focal  planes,  10  to  30  ca  loo? 


!J!  rmi  % Ostdcs  (3)  in  satellite 
//a  ,\C  20  cn  to  1 in  focal  leag*-". 


-Stereo  arrays  (2) 


\ Multi  soectral 
arrays  (3) 


Hao sac  Sensor  Configuration  (not  ec  seals). 

Optics  A,  3.  and  3 are  a rigid  part  o f 
Cede  3 iaas«a  cbe  sane  scrip  50  seconds  ii:i:  A; 
optic  C,  120  seconds  after  A.  Ac 7 combination  of 
A,  3,  and  C produces  stereo.  Optics  A and  C are 
or  about  101  longer  focal  leagtn  to  provide 
resolution  comnatlbli  airh  optic  3. 


Figure  J 
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kbps 

LEO 
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MIMIC  - 
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NASA  - 
Nd 


Astronomical  Unit  (Mean  Earth-Sun  Distance) 

bit  error  rate 

bits  per  second 

computer  aided  remote  driving 

charge  coupled  device 

charge  injection  device 

Department  of  Defense 

deep  space  network 

expendable  launch  vehicle 

field  effect  transistor 

field  of  view 

gallium  arsenide 

geosynchronous  orbit 

ground 

high  electron  mobility  pseudomorphic  transistor 

kilobits  per  second 

low  earth  orbit 

(NASA)  Lewis  Research  Center 

low  noise  amplifier 

long  range  plan 

megabits  per  second 

microwave  and  millimeter  wave  integrated  circuit 
microwave  monolithic  integrated  circuit 
Mars  Rover  and  Sample  Return 

National  Aeronautics  and  Space  Administration 
neodymium 


PRECEDING  PAGE  BLANK.  NOT  FILMED  m 


im  i i 


JNI£NI10NALLM  BUNK 


SSPA  - 
TDA 

TDRSS  - 
TWT 

TWTA  - 
VLSI  - 
YAG 


solid  state  power  amplifier 

Telecommunications  and  Data  Acquisition  (JPL  Office  of) 

Tracking  and  Data  Relay  Satellite  System 
traveling  wave  tube 
traveling  wave  tube  amplifier 

very  large  scale  integration;  very  large  scale  integrated  (circuits) 
yttrium  aluminum  garnet 
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SECTION  I 


EXECUTIVE  SUMMARY 


Improvements  in  both  Ka-band  and  optical-frequency,  Mars- 
environment-qual if ied  technology  are  required  to  support  Mars  Rover/Sample 
Return  (MRSR)  missions  for  launches  in  1998  or  2000.  Existing  X-band 
technology  requires  antennas  that  are  too  large  to  conveniently  package  into 
the  restricted  space  of  an  aeroshell,  without  a deployable  design. 

The  availability  of  an  operational  Deep  Space  Network  (DSN)  optical 
network  will  probably  preclude  optical  links  for  the  early  launch. 

A dedicated  aerosynchronous  circular  orbit  relay  would  Prov^ 
nearly  continuous  communications  support  to  the  rover  while  also  providing  a 
computing  base  for  hazard  avoidance.  The  same  relay  satellite,  given 
sufficient  energy,  could  also  serve  as  a precursor  to  map  Martian  surface 
10  m resolution.  The  Mobility  panel  believes  the  high  ^solution  “PJ  “e 
necessary  and  that  adequate  computing  resources  may  be  difficult  to  place  o 

the  rover. 
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SECTION  2 


INTRODUCTION 


2.1  WORKING  GROUP  APPROACH 

The  nanel  primarily  considered  the  data  requirements  and 
r o ve r ° pa r ^ o f f the ' Mar ^ Ro ve r / Sample 1 Re t ur ( MRS R ) Mission  The  command i link 

conditions  metric  backing  per c°™fdoes  not  appear  to  be  a technology  driver 
and“ therefore  did  not  receive  great  attention.  Quantative  characterisations 
must  be  added  at  another  time. 

Radio  science  utilization  of  the  communications  links  also  was  not 
considered  Therefore,  the  need  for  ultra-stable  oscillators  has  not  been 

addressed . A good  case  can  be  made  later  for  1000 

1CTU  fractional  frequency  domain  as  measured  by  A an  ananc 

second  averaging. 

There  are  two  major  system  configurations  in  this  report.  One  is 
for  a rover  with  direct  communication  to  Earth  providing  all  support 
requirements.  (The  satellite  providing  0.5  m surface  mapping  for  traveling 
support  is  not  addressed  here.)  The  other  00nf  18"”“°ns““Sc“ equity 
synchronous  orbiter  for  communications  relay  Purp^  ovijes  a bose  for 

could  be  the  precursor  satellite  providing  5-m  to  J0  " will  be 

needed6 to  ll  b^tbtheprecursor  and  relay  functions  with  the  same  spacecraft. 

Downlink  telemetry  rates  include  30  kbps  and  150  ttp.  keyed  to  : 34-m 
and  70-m  single  aperture  performance,  tespect ive ly . * iods  of  high 

importance^”  ITSS  for'high  data  rate  dumps,  science-  or 

mobility-related,  or  high-interest  public  relations  opportunities. 

Key  assumptions  include  the  projected  DSN  capabilities  in  the  late 

1990-s  as  well  as  constraints  drawn  **  ^“LSSStta  'identified 
Technology  developments  for  microwave  and  optical  implementation  a 
along  with  constraints  or  requirements  imposed  on  other  functions 

subsystems. 

Finally,  the  conclusions  and  recommendations  coyer  preferred 
technology  options  and  the  desirability  of  the  relay  satellite. 

Table  2-1  provides  a list  of  working  group  participants 
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Table  2-1. 


Workshop  Participants 


Richard  L.  Horttor 
Robert  C.  Clauss 
Richard  M.  Dickinson 
Peter  Garriga 

Kumar  Krishen 

Dr.  James  W.  Layland 
Dr.  Marc  D.  Rayman 
A.  Landis  Riley 
Grady  Stevens 

James  H.  Wilcher 
Raul  Rey 


(818)  354-2462 
JPL/161-228 

(FTS ) 782-7536 
JPL/264-801 

(818)  354-2759 
JPL/238-540 

Hughes  Aircraft  Co. 

862  Penn  St. 

El  Segundo,  CA  90245 

(FTS)  525-0207 
Mail  Code  EE 

NASA/Johnson  Space  Center 
Houston,  TX  77058 

(818)  354-3166 
JPL/264-801 

(818)  354-2544 
JPL/ 200-122 

(818)  354-0401 
JPL/161-213 

(216)  433-3503 
Space  Communications  Div. 
Mail  Stop  54-1 
NASA/Lewis  Research  Center 
Cleveland,  OH  44135 

(818)  354-2669 
JPL/264-801 

TRW 


2.2 


CONSTRAINTS 


MRCR  d There  are  two  principal  constraints  derived  from  previous  studie 
MRSR  Rover.  One  was  that  the  power  available  to  conduct  downlink 
transmissions  was  the  same  120  watts  dc  required  to  support  locomotion. 
Hence  downi ink  operation  would  be  available  only  from  a stationary  rover. 
The  other  was  aperture  size.  Aeroshell  space  constrained  aperture  area  sue 
that  1 m or  more  was  "impossible"  and  0.5  m or  less  was  "easy". 
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Data  return  capabilities  are  keyed  to  Deep  Space  Network  (DSN) 
aperture  sizes  in  nonarrayed  modes.  The  rationale  is  that  arrayed  support 
should  be  restricted  to  short  periods  of  high  importance,  not  long-term  use 
such  as  a Mars  year,  hence,  30  kbps  to  a 34-m  station  and  150  Jbps  to  a 70  m 
station.  A 1 Mbps  capability  is  postulated  for  data  dumps  or  high  m ere 
public  relations.  The  relay  satellite  greatly  aids  this  mode. 

A constraint  on  the  early  utilization  of  optical  telecommunications 
is  the  questionable  likelihood  that  NASA  would  be  able  to  design  and  implemen 
a complete  network  of  ground-  or  space-based  terminals  that  could  be  committed 
in  an  operational  sense  by  the  early  time  frame  (1998). 

Minimum  data  quantities  per  day  were  assumed  to  be  100  Mbits  and 
maximum  daily  data  return  was  1 Gbit.  An  approximately  5%  duty  cycle  for 
transmission  was  assumed  and  thus  data  rates  of  30  kbps,  150  kbps,  and  1 Mbps 
were  deemed  appropriate.  These  constraints  are  part  of  the  "transmit  while 

stationary"  scenario. 
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SECTION  3 


DISCUSSION 


3.1  DSN  ASSUMPTION  - 1995 

The  DSN  configurate  available  to 

^ which 

Referring  to  the  accompanying  frgure  whrch  represent^ ‘evolution  of 
the  1990' s DSN  is  shown  as  Figure  3-1.  A antennas  are  on  the 

capabilities  appears  as  Figures  3-2a  thru 
order  of  68%  aperture  efficient  at  X band. 

- are  90  kW  where  available*  and  downlink  system 

“Pi1«  K°ItX-band  exist  today  as  specified  in  DSN  Interface 
temperature  of  25  « at  * band  ex  ^ ^ gulde  in  the  early  1990's  is  a 

Document  810-5.  Instalia  installation  of  Ko-band  and 

potential  enhancement  which  will  facilitate  installation  o a 

aUow  reduction  of  the  working  system  temperature  at  ^nd  to^the^^ 

neighborhood  of  15-18  K.  This  requires  {ulA)  temperature. 

components  and  lowering  the  operating m^rl^e  ifSi  K at  30«  elevation.  It 

The  nominal.  K^-band  system  w° r ing  ^nna  ^ be  continuousiy  available  to 

is  assumed  that  at  least  one  j vicinitv  of  Mars.  Installation  of 

support  a link  with  the  ®pa^r*  x uplinks  will  allow  contact  with  multiple 
multiple-receiver  channels  a * nurture.  The  70-m  DSN  aperture  will  be 

Mars  spacecraft  via  that  sing  e P * frequency  rate  of  operation, 

made  available  as  needed  to  ®apP°];ituation*  higher  power  uplinks  and  arrays  of 

receivingraperLresScanXbe  mobilized  to  provide  added  capability. 

a ynci-oerf ormance  improvement  comparison  graph  is  shown  in 
Figure  3-3  for  enhancing  X-band  capability  or  going  to  Ka-band  mrcrowave 
links  or  optical  frequency  links. 
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Figure  3 2b.  DSN  Long-Range  Plan  - Profile  of  Telemetry  Reception  Capability 
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Figure  3-2c.  DSN  Long-Range  Plan  - Planned  Implementations 
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Figure  3 2d.  DSN  Long-Range  Plan  - Planned  Implementations  (contd) 
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Fi'gure  3-2e.  DSN  Long-Range  Plan  - Prospective  Implementations 
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Figure  3-2f.  DSN  Long-Range  Plan  - Research  and  Development 
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3.2 


SYSTEM  CONFIGURATIONS 


Two  Possible  system  configurations  are  addressed  here.  (See 
igure  - ).  The  first  configuration  considers  only  rover-direct-with-Earth 
communications;  all  commanding  and  telemetry  needs  are  performed  without  direct 
involvement  of  the  mapping  satellite.  The  latter  has  its  own  communications 
links,  which  are  not  considered  here. 


. °r  ^figuration,  the  rover  can  provide  sufficient  consumables 

o support  the  30  kbps/150  kbps  communications  at  microwave  frequencies 
(8. A GHz  and  32  GHz).  Because  this  configuration  depends  on  Earth-view 
periods,  rover  operations  requiring  Earth-based  involvement  necessarily  are 
restricted  to  about  10  hours  per  day. 

The  data  rates  are  derived  from  the  Randolph  Study,  which  postulated 
a fairly  heavy.  Earth-based  involvement  with  a "move  a little,  send  pictures 
wait,  move  a little..."  type  of  operation.  For  purposes  of  this  workshop, 
these  data. rates  were  chosen,  even  though  the  "correct"  or  "new"  operations 
scenario  might  well  imply  a change.  For  flexibility  a 1 Mbps  capability  is 
offered  as  either  an  enhancement  or  the  opportunity  for  a stronger  mission 


. , . ,P?e  second  configuration  derives  from  two  considerations.  One  is 

e scientific  desire  for  substantive  operations  during  the  Mars  night. 
Earth-based  observation  is  deemed  prudent  during  such  operations.  The  other 

consideration  is  that  a relay  satellite  does  reduce  the  communications  assets 
required  on  a rover. 

, . . . For  5hlS  conf iguration,  primary  data  return  and  command  traffic  is 

irected  through  the  relay.  A reduced-capability,  direct-to-Earth  mode  exists 
as  a backup  to  the  possibly  limited  lifetime  of  the  relay  satellite. 

Another  potential  use  of  the  relay  satellite  could  be  as  a precursor 
mapping  sa  ellite,  if  sufficient  orbit  change  energy  can  be  provided.  There 
is  reason  to  believe  that  the  mission  can  be  executed  with  much-improved  safety 
it  5 to  10-m  resolution  maps  are  available  prior  to  final  site  selection  and 

p annmg.  uch  a precursor  would  be  sent  one  Mars  opportunity  sooner  than  the 
primary  mission. 


Both. configurations  support  all  the  telemetry  and  command  rates. 
However,  if  optical  communication  is  not  available,  the  relay  is  needed  in 
order  to  do  the  1 Mbps  rate.  Therefore  a relay  or  no  relay  decision  is 
coupled  with  the  technology  choice. 
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ORIGINAL  Pr'P  SS 

of  poor  quality 


Figure  3-4.  Possible  System  Configurations 


3.3 


3.3.1 


MICROWAVE  COMMUNICATIONS  TECHNOLOGY 
Ka-Band  Technology  Requirements 


supped  da^HSf:sXa'b^cSneoT^;  Fi8Ur'S  3"5  “d  3-6  sh°"  plots  of 
parameter  at  Ka-  7" 

OSH  station!  'SbU* £**,“*£ ^ S'™  ^ ~ tE 

calculations  for  Mrtioular  cLs  ? the  Parameters  used  in  these 

^iLVan^r^-oTtt  ~s : s— iH“ 

—z  r-ii; 

examined  for  the  MRSR  mission  .ere  30  tbps,  150  kbps!  a^  «b“? 

For  a 90%  confidence  link  d.,1™,  tolerances  should  be  about  0.8  dB. 

adequate.  performance,  a margin  of  2 sigma  or  1.6  dB  should  be 


V 4.  UU 


ucl-au!,c  d rva-Dancl  system  has  lihuxe 

more  conservative  margin  should  be  chosen  A Unit  «,  • 

reasonable.  Thus,  a margin  of  2 sigL^omt,  ^dB  *"*  °f  ^ "B 


Link  designs  for  K„ 
given  in  Tables  3-1  and  3-2. 
and  3-6. 


band  and  X-band  to  34-m  and  70-m  stations  are 
They  define  the  reference  points  in  Figures  3-5 


from  Mars  con junction1 to ^arth  ^?^tUre  ?izes  nee?ed  to  support  the  data  rates 

power  and  DSN  stations  Based  on  th  Vari°as  c°mblnations  of  RF  transmitter 

rover,  the  Ka-band  Hnks  are  ciearlj  °f  ?rture  size  on  «ie 

postulated  relay  requires  directive^!  ^ ^ package‘  Also»  since  the 

Relay-to-Earth  LnksT operftW  size ^ wuHlso'b  and 

applications,  Ka-band  communications  capability  ^ /“P01?™11*  HenCe’  f°r  — 
over  X-band.  capability  has  significant  advantages 


•f  1 falrl/*“>Ple,  lo»-gdinfmteOTanif'a  ^L^tel  1 urinT  take  the.form 

co^“^!r:fTKdiss:dtels"rre  in  ^ 

with  aperture  sige'on  the  oiler  of  S?5  m ” dlreCt  link  C°  Ea“h 


A number  of  Ka-band 
rover-to-Earth  downlink.  Some 
Figure  3-7. 


antenna  configurations  are  available  for  the 
of  these  configurations  are  illustrated  in 
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Table  3-1.  Parameters  Used  in  Calculating  Data  Rates:  34-: 
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Table  3-3. 


Ka-Band 

X-Band 

Aperture  size 
reliability , 


30  kbps/34M 

Stations 

15  kbps/70M 

Aperture 

Aperture 

RF  Power 

Diameter 

Diameter 

40W 

. 2M 

. 2M 

20W 

. 3M 

. 3M 

10W 

.4M 

,4M 

40W 

. 6M 

• 6M 

20W 

. 9M 

.9M 

10W 

1.3M 

1.3M 

1 Mbps/70M 


Aperture 

Diameter 


.8 

1.2 


1.7 


1.8M 

2.7M 

3.8M 


and  DSN  Station  Pairs  are  for  Mars  to  Earth  at  2.68  AU  (90% 
2a ; 1.6  dB  X-band , 2.0  dB  Ka-band ) 
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Figure  3 7.  Some  RSR  Antenna  Configurations 


Of  these  configurations,  two  array  approaches  have  several  f 

attractive  benefits.  One  benefit  is  the  capability  of  utilizing  the  array  for 
electronic  bean,  steering.  This  is  an  important  consideration  °r 

to  keep  pointing  loss  less  than  1 dB,  pointing  accuracy  must  be  : maintained  to 
less  than  -0.13.  Although  a complete  study  of  mechanical  pointing  sy 
“rover  applications  his  not  baen  carried  out,  it  is  anticipated  that  pornt- 
iii  i"Lvel  of  accuracy  will  be  difficult  in  the  Martian  envrrcunent 
Coarse  pointing  information  could  be  derived  from  rover  onboard  sensors,  and 
fine  pointing  information  could  be  obtained  from  a monopulse  system 1 
porated  into  the  earth-to-rover  uplink  telecommunications  system.  ™e mos^ 
power-efficient  approach  to  implementing  the  array  is  to  uti 

solid-state  amplifier  and  phase-shifter  components.  The  array  provides  he 
additional  benefit  of  low-loss  power  combing  of  solid-state  amplifier  outputs. 
Thus,  it  appears  that  an  active  array  is  the  most  promising  approach  for 
implementing  a Ka-band  rover-to-Earth  downlink. 

Two  approaches  to  the  implementation  of  the  array  have  been 
considered.  OnHs  a body-fixed  phased-array  (labeled  "PHASED  ARRAY"  in 
Figure  3-7)  which  relies  completely  on  electronic  beam  steering.  A second 
approach  is  to  use  a combination  of  mechanical  and  electronic  beam  steer  g 
(labeled  "ARRAY  WITH  WAVEGUIDE"  in  Figure  3-7).  The  body-fixed  electronica  y 
beam  steered  array  has  the  advantage  of  very  compact  packaging  with  no  stowing 
r^ifed!  The  disadvantage,  however,  is  its  complexity;  the  array  - required 
to  scan  over  angles  of  the  order  of  603  which  implies  that  individual  y 
phase-controlled  radiators  must  be  spaced  on  the  order  of  ^-half  waveleng 
(5  mm).  Thus  approximately  6,000  elements  are  required.  The  alternative  is 
to  reduce  the  range  of  the  electronic  beam  steering  angle  which  allows  greater 
spacing  between  elements  or  the  use  of  subarrays  to  substantially  reduce  the 
number  of  active  elements.  If  the  electronic  beam  steering  range  is  less  than 
103  the  number  of  active  elements  can  be  reduced  to  the  order  of  200.  To  P 
duce  40  W of  radiated  power  each  element  must  radiate  on  the  order  of  200 

A key  concern  in  development  of  electronically  steered  arrays  is 
cost.  Cost  is  driven  by  labor-intensive  activities  including  assembly  and 
test  of  the  large  number  of  elements.  The  promise  of  low  phased-array  cost, 
however,  exists  in  the  form  of  microwave  monolithic  integrated  circuits 
(MMIC) , in  which  the  majority  of  the  device  interconnects  are  fabricated  and, 
thus,  labor-intensive  interconnecting  tasks  are  reduced.  In  addition, 
computer-aided  test  systems  are  being  developed  to  reduce  testing  costs. 

MMIC  devices  are  presently  being  developed  at  32  GHz  by  NASA  Lewis 
Research  Center  (LeRC).  In  addition,  the  DoD  recently  initiated  the  Microwave 
and  Millimeter  Wave  Integrated  Circuit  (MIMIC)  Program  which  will  result  in  an 
investment  of  the  order  of  $500M  over  the  next  five  years  in  MMIC  technology. 
It  is  anticipated  that  these  programs  will  result  in  rapid  advances  m this 
technology  which  will  result  in  substantially  reduced  costs  and  increased 
performance.  In  addition,  new  device  structures  such  as  the  pseudomorphic 
High  electron  mobility  transistor  (HEMPT)  show  great  promise  for  ^P™ved 
performance  such  as  high  power  efficiency.  Within  the  last  six  months,  o 
exlmp^  Power-added  efficiencies  of  the  order  of  35%  have  been  demonstrated 

for  discrete  devices  of  this  type. 

MMIC  devices  consisting  of  integrated  phase  shifters  and  power 
amplifiers  will  be  mounted  in  hermetically  sealed  packages  and  integrated  into 
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transmitter  modules  containing  radiating  elements.  One  such  concept  is  shown 
in  Figure  3-8.  The  modules  will  then  be  integrated  into  arrays  such  as  that 
shown  m Figure  3-9  for  an  array  feed  for  the  Cassini  mission  or  the  larger 
array  required  for  MRSR  as  shown  in  Figure  3-10. 


TECHNOLOGY  DEVELOPMENT  PROGRAMS  AND  NEEDS 


JPL  has  initiated  a 32-GHz  spacecraft  transmitter  development  pro- 
gram under  funding  from  TBD  (0S0).  This  program  utilizes  devices  being 
developed  at  LeRC.  The  objectives,  approach,  and  present  status  are  summar- 
ized in  Tables  3-4a  and  4b.  The  initial  objective  is  to  demonstrate  a one- 
dimensional  electronically  beam-steered  array  utilizing  unpackaged  MMIC 
amplifier  and  phase-shifter  devices.  A diagram  of  this  array  is  shown  in 

18Ur?iooi!’  Initlal  tests  of  this  test  bed  array  are  planned  for  later  this 
year  (1987).  Measurements  of  the  MMIC  devices  are  presently  being  carried 
out,  and  fabrication  of  components  of  the  array  is  under  way.  In  addition  to 
MRSR,  this  technology  is  applicable  to  other  NASA  missions,  such  as  Cassini. 


Table  3-5  summarizes  the  present  status  of  Ka-band  solid-state 
technology.  The  focus  of  this  table  is  on  gallium  arsenide  (GaAs ) field 
effect  transistor  (FET)  technology  and  does  not  include  IMPATT  amplifier 

tfC^1°8yLS1?Ce  thlS  technol°gy  does  n°t  have  the  power  efficiency  capability 
of  FET  technology.  GaAs  FETs  have  been  demonstrated  with  power  levels  of  the 
order  of  one  watt  at  30  GHz  but  with  low  gain  and  efficiency.  Power-added 
efficiencies  of  the  order  of  35%  at  35  GHz  have  been  obtained  at  50  mW. 
Continued  effort  is  required  to  produce  both  high  power  and  efficiencies,  and 
these  devices  need  to  be  integrated  into  MMIC  devices.  LeRC  is  presently 
funding  programs  to  move  toward  these  goals,  but  enhanced  and  focused 
development  effort  is  required.  The  present  thrust  of  NASA-funded  efforts 
does  not  include  packaging,  which  is  required  for  high-reliability  space 
applications.  Very  little  effort  has  been  undertaken  in  the  area  of  assuring 
reliabrlity  of  MMIC  devices.  Tables  3-6a  through  3-6c  summarize  the  areas  in 
which  technology  development  is  required  to  meet  the  needs  of  a rover 
communications  system,  and  these  points  are  elaborated  on  below. 


Device  Technology  Needs 

, L High-efficiency  GaAs  power  FETs  with  power-added  efficiencies  of 
greater  than  35%  with  250  mW  or  more  output  power  are  required.  These  devices 

TTon  !*intTgrated  int°  multistage  miCs  t°  obtain  gain  levels  of  the  order  of 
lb  20  dB.  In  addition,  low-loss  phase  shifters  with  losses  less  than  6 dB  are 
required,  with  integrated  amplifiers  to  compensate  for  the  power  loss.  These 
amplifiers  are  required  to  operate  with  high  efficiency.  Integration  of  phase 
shit ters  and  high-efficiency  power  amplifiers  is  required.  It  is  desirable  to 
integrate  digital  components  on  the  MMIC  chip  to  minimize  the  number  of  inter- 
connects  to  the  phase  shifter  digital  control  system.  These  digital  components 
will  function  to  decode  data  from  a serial  bus  input  and  provide  sampling  and 
hoid  functions  to  maintain  phase-shift  states.  In  addition,  interconnections 
could  be  further  reduced  if  serial  data  bus  data  interfaces  are  made  by  optical 
interconnections  to  the  MMIC  chips.  These  optical  interconnections  can  be 
made  either  by  optical  fibers  or  by  direct  illumination  of  the  MMIC  chips. 
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Figure  3-8.  32-GHz  Transmitter  Module 
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Figure  3-9.  21-Element  Array  Feed 


PHASED  ARRAY 
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Figure  3-10.  MRSR  Array  Concept 


Table  3 4a,  JPL  Ka-band  Spacecraft  Transmitter  Prog 
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DEVELOP  TRANSMITTER  COMPONENTS  JOINTLY  WITH  LERC 
DEVELOP  SPACE  QUALIFIED  32  GHZ  TRANSMITTER  SUBSYSTEMS 


Table  3- 4b.  JPL  K -band  Spacecraft  Transmitter  Program  (contd) 
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SYSTEM  STUDIES  UNDERWAY 
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Figure  3-11.  One  Dimensional  Steered  Array  Test  Bed 


Table  3-5.  K Band  Solid  State  Technology  Status 


ir> 

hi 

CO 

-1 

GO 

< 

< -i 

_l 

o 

a 

< 

M 

hi 

z 

o o 

< 

a 

CL 

< 

111  o 

> 

hi 

M 

3 

1- 

< 

Vi 

X 

z 

Z 

< z 

V) 

o 

H 

o 

w O 

H 

hi 

hi 

< 

ir> 

i-  q: 

O 

CL 

CL 

e> 

M li. 

z 

a 

1- 

z 

a 

Vi 

3 

< 

M 

Vi 

< 

hi 

o 

< 

111 

X 

-1 

Q 

1-  U- 

o 

z 

a 

111 

z 

M 

hi 

M 

X 

1- 

iii  cn 

> 

IH 

z 

H 

< 

Z w 

111 

CD 

X 

M 

CL 

a 

o 

o 

3 

1- 

o in 

1- 

111 

V) 

-1  o 

u 

O 

H 

3 

Z 

bl  z 

w 

z 

o 

rH 

o 

> < 

z 

z 

in  z 

z 

hi 

z 

»- 

111 

Q CL 

> 

M 

hl 

o 

o 

a 

< 

z 

h.  N 

li. 

z 

X 

w 

X 

o\° 

Ill  0 1 

< 

CD 

</>  o 

in 

H 111 

Vi 

z 

< 

ro 

Ll.  Q. 

hi 

111 

o 

<o 

H 

1- 

X 

o 

oco 

b. 

J 1- 

hl 

(0 

O 

Q.  D 

a 

Vi 

CL 

C*  H 

Z CD 

O 

H 

hi 

hl  < 

</) 

< 

<0 

3 

3 

ui 

o 

M 

>- 

O 

O >- 

M 

CL  CL 

a 

a 

CL  O 

o 

bl  111 

M 

Z 

z 

3 -1 

o 

J 

CO 

h-  Ui 

ui 

O 

ui 

M 

V) 

LU 

t/)  M 

M 

0.  > 

o 

CD 

o 

LU  <J 

O 

CO 

< 

< 

-i 

< 

X M 

M 

o 

* 

M 

h-‘ 

O li. 

li. 

W N 

o 

-1 

3 

CO 

W Li. 

U. 

Z X 

< 

111 

O 

X LU 

Ill 

z a 

a 

O' 

_J 

o 

w 

o 

CO 

l 

1 

i 

i 

1 

i 

•* 


6-3-27 


Table  3 6a.  SSA  Technology  Development  Need 
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Table  3-6b.  SSA  Technology  Development  Needs  (contd) 
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BEAM  WAVEGUIDE  DEVELOPMENT 


Table  3-6c.  SSA  Technology  Development  Needs  (contd) 


</> 

Hi 

</> 

>- 

-I 

< 

z 

< 


6-3-30 


In  order  to  apply  these  devices  to  the  MRSR  communications,  they 
must  be  encapsulated  in  impedance— matched  packages  to  provide  hermetic  seals 
from  the  environment.  This  technology  does  not  presently  exist.  In  addition, 
the  devices  must  be  designed  and  tested  to  provide  high-reliability 
operation.  Automated  testing  procedures  must  be  devised  to  provide  low-cos t 
devices.  Lower  costs  will  also  be  derived  from  the  development  of  improved 
MMIC  modeling  techniques  to  allow  more  rapid  convergence  on  a device  design. 

Circuit  and  Transmit  Module  Technology  Needs 

Transmit  module  and  circuit  technology  development  is  required  in  a 
number  of  areas  to  implement  the  MRSR  communication  system.  Areas  of  develop- 
ment include  low-loss  millimeter  wave  power  combiners  and  power  distribution 
networks  to  maintain  high  power  efficiency.  In  addition,  methods  of  optimally 
integrating  the  radiating  elements  and  MMIC  devices  need  to  be  developed  to 
minimize  circuit  losses  and  costs.  Automated  testing  techniques  for  these 
modules  require  development.  Other  development  areas  for  transmit  modules 
include  thermal  control  systems  and  signal  and  dc  power  distribution  methods. 

Array  Technology  Needs 

Development  is  required  in  the  area  of  methodology  for  optimizing 
active  array  architecture.  This  methodology  must  consider  a number  of  complex 
issues  including  low-loss  and  highly  reliable  interconnections  of  RF  transmis- 
sion lines  and  dc  power  and  digital  control  lines.  The  optimum  architecture 
must  provide  integration  of  millimeter-wave  active  and  passive  transmission 
lines  and  radiating  elements  with  thermal  control  systems  packaged  for  rugged- 
ness and  allowing  for  replacement  of  components.  It  must  accommodate  a modular 
construction  technique  to  reduce  cost  and  allow  lower  level  subelement  testing. 

Efficient  design  procedures  require  the  development  of  improved 
active  array  analysis  methods  to  allow  more  accurate  predictions  of  performance 
to  reduce  cost  of  development  and  to  improve  performance.  Related  to  this  is 
the  need  for  improved  modeling  array  feed  element  analysis,  particularly  planar 
antenna  element  structures. 

Another  important  area  is  the  development  of  beam  waveguide  tech- 
nology to  reduce  signal  loss  from  the  antenna  system  to  other  elements  of  the 
millimeter  wave  system. 

Power  and  Control  Technology  Needs 

Development  is  required  in  several  areas  which  support  active  array 
systems.  These  include  digital  electronic  beam  steering  control  systems, 
control  system  interconnections,  power  supplies  and  thermal  analysis  methods. 
Digital  beam  steering  control  systems  will  benefit  from  the  development  of 
custom  VLSI  circuits  integrated  with  the  microwave  components  and  the  applica- 
tion of  optical  interconnections  for  control  of  MMIC  devices. 
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Other  Technology  Needs 


The  development  of  a Ka-band  exciter  and  transponder  subsystem  is 
another  critical  development  area.  This  subsystem  should  be  designed  to 
incorporate  a high  level  of  MMIC  devices  to  minimize  size  and  mass. 

Ku-Band  Rove r-to-Re lay  Link 

The  design  of  this  link  is  based  on  existing  development 
capabilities  as  demonstrated  on  the  NASA  Tracking  and  Data  Relay  Satellite 
System.  The  key  link  is  the  1 Mbps  Ku-band  uplink  (rover  to  relay 
satellite).  Performance  parameters  for  this  link  are  presented  in  Tables  3-7 
and  3-8.  The  1-Mbps  link  will  be  used  to  transmit  video  from  the  rover  to  the 
Earth  (or  processed  on  the  relay  satellite)  via  the  relay  satellite.  To 
maintain  adequate  video  quality  a bit  error  rate  (BER)  of  10~^  is  assumed. 

To  obtain  this,  an  E^/Nq  = 11  dB  (9.6  dB  plus  1.4  dB  for  channel 
degradation)  is  required.  The  rover  can  use  a 0.08-m  diameter  horn  antenna 
which  has  a gain  of  18  dB  with  20°  angle  broad  coverage  of  the  relay 
satellite.  With  this  broad  coverage,  pointing  requirements  on  the  rover  are 
substantially  reduced;  however  a simple  autotrack  system  is  needed  if  rover 
motion  is  +30.  Similarly,  the  2-meter  antenna  on  the  relay  covers  a 500  km 
diameter  on  the  surface  of  Mars,  reducing  spacecraft  antenna  pointing 
requirements . 

The  rover  transmitter  power  of  2 W with  a 2-MHz  bandwidth  (to 
support  1 Mbps)  is  easily  achievable  with  present  technology.  Both  traveling 
wave  tube  amplifiers  (TWTAs)  and  solid  state  power  amplifiers  (SSPAs)  are 
available  ad  space  qualified.  They  must,  however,  be  qualified  for  the  Mars 
surface  environment. 

Ku-Band  Relay-to-Relay  Link 

The  2-kbps  link  with  a 15  dB  E^/NQ  poses  no  problem  for  closing 
the  link,  given  the  2-m  spacecraft  antenna  and  a 0.08-m  rover  horn.  However, 
the  electronic  equipment  LNAs  and  the  receiver/ transponder  must  be  qualified 
for  operation  on  the  surface  of  Mars. 

Also,  the  required  Ku-band-to-X-band  isolation  must  be  thoroughly 
investigated. 
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Table  3-7.  Ku  Band  Uplink 


Parameter 


Value 


Frequency 
1 Mbps  at  Efc/N0 
Rover  Antenna  Gain 
Rover  Transmitter  Power 
EIRP 

G/T  at  Spacecraft 
Spacecraft  Antenna  Gain 
Spacecraft  Antenna  Diameter 


12  Ghz 

11  dB^1) 

18  dB<2) 

2W 

21  dBW 
20  dB/0K(3) 
47  dB^) 

2 meters 


(1)  9.6  dB  for  10~5  dB  without  coding;  coding  gives  6 dB  additional  gain. 

(2)  0.08-m  horn,  20°angle. 

(3)  T = 500K;  requires  A/T  or  a pointing  subsystem,  and  assumes  rover  motion 
of  +30°. 

(4)  at  a 0.7°angle.  1.7°  coverage  is  required  for  a 500  km  rover  traverse. 


Table  3-8.  Ku  Band  Downlink 


Parameter 


Value 


Frequency 
2 kbps  at  E^/Nq 
Spacecraft  Antenna  Gain 
Transmitter  Power 
EIRP  Spacecraft 
G/T  Rover 


15  Ghz 
15  dBU) 
48  dB 
14  W 
59  dBW 
1 dB 


(1)  11  dB  required  for  10  9. 


K^-Band  TWTA 

A TWTA  of  the  following  characteristics  is  desired  for  rover/Earth 
data  transmission: 

Frequency  - 32  GHz 

RF  Power  Output  - 30  to  50  W 

Bandwidth  - 10  MHz 
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Tubes  of  these  characteristics  are  available  at  present  for  missile/ELV 
applications . Required  is  a tube  development  for  space /planetary  surface 
application.  Development  issues  for  MRSR  are  breakdown  voltage,  storage,  and 
turn-on  temperature  and  efficiency.  Present  tube  temperatures  are  -50°C 
storage  and  -30°C  turn-on.  Potting  materials  crystallize  below  -50°C.  RF/dc 
TWTA  efficiency  of  30  to  35%  is  typical.  Efficiency  up  to  50%  may  be  possible 
with  improvements  in  collector  design  and  by  taking  advantage  of  the  narrow 
band  requirements  of  the  tube.  Tube  development  milestones  and  funding  are: 


Go-Ahead  1/91 
Engineering  Model  Completion  1/93 
Qualification  Test  Model  Completion  1/94 
Life  Test  Start  1/94 


Cost  of  this  effort  is  estimated  at  $4.5M. 


3.4  OPTICAL  COMMUNICATIONS  TECHNOLOGY 

Viewgraphs  are  attached  that  were  presented  for  describing  the 
optical  frequency  telecommunication  systems  (see  Figures  3-12  through  3-19). 
System  configurations  for  orbiting  or  earth-based  triplicated  spatial  diver- 
sity sites  are  shown.  System  parameters,  telescope  concept,  and  acquisition 
and  pointing  techniques,  etc.,  are  illustrated.  The  final  viewgraph  lists  the 
desired  technology  requiring  developments. 
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Figure  3-13.  Far  Field  Antenna  Diffraction 


Pulse  ?ositioaj  modulation 


al 
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Figure  3-14.  Multi-Bit/Photon  Communication 
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Figure  3-15.  System  Configuration,  Performance  Values 
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Figure  3-16.  Optical  Communications  Package 


WHEN  R=0.4  A.U. , FOOTPRINT  AT  EARTH  IS  ONLY  ~ 800KM. 
CRESCENT  EARTH  SPANS  ~ 15  PIXELS. 
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igure  3-17.  Target  Acquisition 
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Figure  3-19.  Optical  Communications  Technology  Development 


SECTION  4 


CONCLUSIONS  AND  RECOMMENDATIONS 


A Mars-synchronous  orbiting  satellite  would  pay  off  significantly 
by  providing  both  nearly  continuous  communications  support,  as  well  as  the 
possible  opportunity  to  serve  as  the  precursor  surface-mapping  satellite.  It 
is  recognized  that  significant  orbital  change  energy  will  be  required  to 
perform  this  dual  function.  If  the  1 Mbps  data  link  is  required,  then  optical 
corammications  provides  the  only  realistic  rover-direct-to-Earth  capability. 

A relay  is  a must  if  1 Mbps  is  to  be  available  by  microwave  means. 

The  development  times  for  microwave  implementation  are  all 
compatible  with  a 1993  decision  date.  The  range  of  currently  available 
technologies  varies  from  current  space— qualified  hardware  that  must  be 
modified  for  Mars  environments  to  32-GHz  components  which  now  exist  as 
primitive  devices  that  need  to  be  assembled  to  system-level  performance 
entities  in  a Mars  environment. 

Optical  communications  are  more  credible  by  a 1995  technology 
cutoff  than  by  1993.  A possibly  greater  constraint  is  the  ground  reception 
capability  implied,  that  is,  three  or  four  spatially  diverse  sites  in  the 
vicinity  of  each  DSN  complex.  Logistical  considerations  for  maintenance  and 
data  handling  imply  that  they  be  in  the  vicinity  of  existing  DSN  ground 
resources . 


Mini mum  Mars  rover  communication  needs  can  be  accommodated  with  an 
X— band  system  requiring  no  major  technological  developments  or  improvements  in 
the  present  DSN  system.  This  assumes  a mechanically  steerable  0.5-meter  dish 
anH  a 40-watt  transmitter  on  the  rover  with  a 30  kbps  data  transmission  rate. 
The  minimum  data  transmission  of  100  M bits/day  are  attained  with  one  hour 
daily  transmission  to  the  70— meter  DSN  facility. 

Taking  advantage  of  the  expected  DSN  expansion  to  K^— band  permits 
significant  improvements  in  communication  service.  In  this  case,  a 0.5— meter 
mechanically  steerable  dish  and  40  watt  transmitter  permit  an  improvement 
factor  of  ten  in  data  transmission.  All  major  components  of  this  Ka-band 
are  at  level  4 to  5 in  technological  readiness. 

Improvements  in  Ka— band  technology  can  reduce  communications 
subsystem  payload  size,  mass,  and  power  requirements  by  40  to  60  percent. 
Technology  areas  to  focus  on  are  the  phased— array , solid-state  power 
amplifier,  multimode  tracking  feed,  and  beam  waveguide.  These  technologies 
are  at  level  2 to  3 readiness. 

Communication  at  optical  wavelengths  offers  the  possibility  of 
real-time  TV  transmission  to  earth  (1  Mbps).  No  show-stoppers  have  been 
identified  to  allow  this  technology  to  be  available  for  the  1995  effort. 
However,  critical  development  of  most  components  at  both  ends  of  the  link  are 
required.  Additional,  more  detailed  information  is  given  in  Figures  4-1 
through  4-7 . 
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Alternately,  1 Mbps  data  transmission  is  possible  with  existing 
technology  by  using  a communications  relay  satellite  placed  in  synchronous 
altitude  to  relay  rover  data.  In  this  case,  a I^-band  rover  uplink  is 
recommended.  A transmitter  power  of  less  than  ten  watts  and  a relatively 
broad  beam  antenna  of  more  than  ten  degrees  should  be  adequate.  ” In  this 
manner,  the  relay  satellite  would  absorb  much  of  the  power,  pointing,  and 
computational  constraints  imposed  on  the  communications  subsystem. 
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Figure  4-1.  Conclusions  and  Recommendations 
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Figure  4-2.  System  Configurations 
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Figure  4-3.  X-Band  Direct 
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Figure  4-4.  K Band  Direct 
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Figure  4-5.  Optical  Direct 


R0VER  relay  key  technologies 
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Figure  4-6.  Rover/Relay  at  Aerosync,  1,000  Mbps 


Figure  4-7.  Communications  Assessment  - 1 Mbps  While  Roving 


SECTION  5 


PRESENTED  MATERIALS 

Estimated  Mars  Rover  Scenario  Daily  Data  Quantities 

A.  Terrain  Navigation  Only: 

1.  Computer  Aided  Remote  Driving  (CARD)  = 40  Mb  downlink  data  per 
10  hr  day. 


2.  CARD  uplink  = 10  Kb  per  day. 

B.  Imaging  Science  at  a Station  (Specified  Examination  Location). 

1.  500x500  pixels/  4:1  compression,  X 2 for  Stereo,  X 2 

after,  X 8 total  including  multispectral , X 8 bits  per  pixel  =16  Mb  from 
deployable  close  up  camera.  Plus  Sampling  Operations  Support  for  Two  X 
1000X1000X8b/2:l  = 8Mb.  Sum  = 24Mb. 

2.  Uplink  Sampling  Operations  Commands  = 1 Kb.  (Manipulator  and 
Effector  trajectories.) 

C.  Imaging  Science  While  Otherwise  Stopped  or  "Along-the-Way" . 

1 1000X1000  pixels/  4:1  compression,  X3  ea.  45  deg  FOV  overlapped 

frames ' for  a quadrant!  X 2 for  Stereo,  X 2 in  the  am  and  X2  rn  the  pm,  sum: 
1-Thermal,  plus  1-IR,  and  2-visual,  X 8 b per  pixel 


2. 


Uplink  Science  Commands  and  Data  - ? 
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SUMMARY  TOTAL 


I.  DOWNLINK: 


CASE 

//PIXELS 

b/PX 

COMP. 

STEREO 

A. 

1000X1000 

8 

4:1 

2 

B. 

500X500 

8 

4:1 

2 

1000X1000 

8 

2:1 

2 

C. 

1000X1000 

8 

4:1 

2 

One  Science  Station 


II.  UPLINK: 
CASE  Quan . 

A.  10  Kb 

B.  1 Kb 

C.  ? 


//SCENES 

VIS'L 

IR 

THERM. 

FREQ. 

=Mb 

1 

1 

0 

0 

10 

40 

2 

2 

1 

1 

2 

16 

1 

1 

0 

0 

1 

8 

3 

2 

1 

1 

4 

192 

Total  Mb 

per  10 

hr 

day  = 

256 

Total  Kb  per  10  hr  day  = 


DATA  RATES 
I.  DOWNLINK 

A.  AVERAGE  - 256  Mb/  10  hr  X 3600  sec/  hr  = 7 Kbps. 

B.  PERIODIC  - 10  min  each  hour  = 256Mb/10  hr  X 600s  = 43  Kbps 

- 15  min  each  hour  = 256Mb/10  hr  X 900s  = 28  Kbps 

- 30  min  each  hour  = 256Mb/ 10  hr  X 1800s  = 14  Kbps 

C.  MAX  SUM  STOP  = 4Mb  CARD  Support  + 24  Mb  Specified  Exam.  Locat.  + 
an  "Along-the-Way"  data  load  of  192/4  = 76  Mb  Total. 

- in  10  min  = 76  Mb/600  sec  = 127  Kbps 

- in  15  min  = 76  Mb/900  sec  = 84  Kbps 

- in  30  min  = 76  Mb/1800  s = 42  Kbps 
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MARS  ROVER  WORKSHOP 
COMMUNICATIONS  PANEL 
TECHNOLOGY  STATUS 
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COMMUNICATION  CAPABILITIES 
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TECHNOLOGY  PLANNING  WORKSHEETS 
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WORKING  GROUP: 
DATE:  04/29/87 


TECHNOLOGY  PLANNING  WORKSHEET 

COMMUNICATIONS REFERENCE (S)  * 

TIME:  — 


TECHNOLOGY:  Ka  BAND  ELECTRONICALLY  BEAM  STEERED  COMMUNICATIONS  SYSTEM 


KEYWORDS : MMIC,  PHASED  ARRAY,  Ka-BAND,  ELECTRONIC  BEAM  STEERING 

RELATED  TECHNOLOGIES:  POWER,  THERMAL,  CONTROL/DATA 


—/RBI TING  RELAY  SATELLITE.  THE  NARROW  BEAM  WIDTHS  ASSOCIATED  WITH  THESE  SYSTFMF  RFnnrPFc 

I 

~STEERIMG  ELECTRnl^~- ~ SHIFTERS^TOAMSMIT  MODULES,  ARRAY  ANTENNAS  ASP  BEAM 


STA.US:  INITIAL  DEVELOPMENT  EFFORT  IS  UNDERWAY  TO  DEVELOP  thf  PFnT,TPFn  mTr  nrVTrr„ 
BU^CELERATED  FOCUSED  EFFORT  IS  REQ^ED.  Ka-band 
ELQPMENT  AT  JPL 

PROGRAMS/EXPERTISE:  AT  PRESENT  0S0  IS  SUPPORTING  INITIAL  DFVFT  opmfmt  at  tdt  ittt., 
COOPERATIVE  EFFORTS  AT^rTbIiNG  SUPPORTED  BY  OAST.  OBVELOPMEMAT_JPL_WITH 


MRSR  MISSION  DRIVERS:  Ka-band  TECHNOLOGY  DEVELOPMENT  IS 
DATA  RATE  COMMUNICATIONS  FROM  MARS  TO  EARTH  WITH  PRAOTTOAi 
APERTURE  SIZE  ACCOMODATIONS. ~ L 


REQUIRED  TO  ENABLE 
POWER  ARE  ANTENNAE 


HIGH 


MRSR  APPLICATION  ISSUES:  APPLICATION  ISSUES  RF.T.atfi 


.ARE  VOLUME/PACKAGING  TRADE-OFFS,  POWER  TRADE-OFFS  an 
TRADE-OFFS. ~ 1 


TO  Ka-band  COMMUNICATIONS 
MARS  TO  EARTH  DATA  RATE 
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WORKING  GROUP:  COMMUNICATIONS REFERENCE(S)  : 

DATE:  04/30/87  TIME:  

TECHNOLOGY:  Ka-band  ELECTRONICALLY  BEAM  STEERED  COMMUNICATIONS 


DEVELOPMENT  FORECAST: 


DATE 

| 1998 -LAUNCH  | 

MILESTONE/COMMENTS  | $,K  TECH.  DATE  | 

FUND.  LEVEL  ERROR  | 

i - 1 

-2000 -LAUNCH 
$ ,K  TECH.  DATE 
FUND.  LEVEL  ERROR 

i 

i 

i 

i 

1988 

PRELIMINARY  ARRAY  TRANSMIT] 

$1 ,500k 

i 

$1 , 500K 

i 

i 

MODULE  _ | _ 

1 

- 

— 

~| 

1989 

1 

DEVELOP  PRELIMINARY  TRANS-  | 

$1 ,800k 

$1 , 800K 

1 

MIT  MODULE  j 

- 

- 

1 

1990 

1 

DESIGN  AND  FABRICATE  EBS  | 

| 

$2 , 000K 

$2 , 000K 

1 

_l 

— 

1 

$2 , 500K 

1 

1 

1991 

COMPLETE  EBS  ARRAY  TEST  | 

j 

BED  _!_ 

| 

$ 3 , 500K 

- 

- 

”l 

1992 

i 

DESIGN  AND  FAB  EBS  ARRAY  | 

$2, 500K 

$2 , 500K 

i 

j 

BREADBOARD  j 

— 

~~  1 

1993 

1 

COMPLETE  EBS  ARRAY  BREAD-  j 

$2, 500K 

$2 , 500K 

I 

BOARD  _ j 



* 

— 

— 

1994 

1 

DEVELOP  IMPROVED  \ 

$2 , 500K 

EFFICIENCY  EBS  ARRAY  BREAD-]  _ 



— 

- 

BOARD  | 

$2 , 500K 

1995 

COMPLETE  IMPROVED  EFFICIEN-I 

— 

CY  EBS  ARRAY  BREADBOARD  _|_ 

1 

— 

— — — — — — 

1996 

1 

DEVELOP  FLIGHT  MODEL  EBS  | 

_ 

ARRAY  _|_ 

1 

- 

- 

— 

1997 

1 

COMPLETE  FLIGHT  MODEL  EBS  | 

ARRAY  

**  - 

* NOTE: 
**  NOTE 


Technology  selection  cut-off  date  for  a 1998-launch  mission. 
Technology  selection  cut-off  date  for  a 2000-launch  mission. 
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TECHNOLOGY  PLANNING  WORKSHEET 

WORKING  GROUP:  COMMUNICATIONS  REFERENCE (S ) : 

DATE:  4/30/87  TIME:  


TECHNOLOGY : Ka-Band  Electronically  Beam  Steered  CommnnlcaMnng 


ADDITIONAL  WORKSPACE: 

It  is  planned  that  the  early  phases  of  the  MMIC  development  effort  will  be 
carried  out  by  LeRC  with  close  cooperative  support  of  JPL.  It  is  further 
assumed  that  the  present  LeRC  effort  is  augmented  and  that  this  augmented 
effort  is  focused  toward  support  of  the  MRSR  project.  JPL  is  assumed  to  have 
responsibility  for  design  and  development  of  transmit  modules,  the  active 
array  system  and  the  electronic  beam  steering  control  system.  JPL  is  also 
assumed  to  have  responsibility  for  development  of  flight  qualified  MMIC  devices. 
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WORKING  GROUP : COMPLICATIONS 

DATE:  /inn/ft7  TIME:  11:25  AM.._ 


REFERENCE(S) : 


TECHNOLOGY : 


KEYWORDS  : CODING.  KEEP- SOLOMON , VITERBI_ 

RELATED  TECHNOLOGIES: 


DESCRIPTION-  CODgjG  MPgMgjgjTS  HAW.  BEEN  IDENTIFIED  THAT  COUU3  GIVE  A !§£__ 
DESCRIPilUlN.  OVER  THE  BA-SKT.TNE  USED  IN  LINK  CAL- 

TO  2dB  IMPPnVEMHNT  .TN  TTWETR  /VTTERBT  CHANNEL  CONVOIDTICNAL  k , 

mCODEBS  « D TO  BE  SP^CE  gMJFIg: 


PROGRAMS/EXPERTISE: 


dsn  ADVANCED  SYSTEMS  PROGRAMS,  RTOP  71 


MRSR  MISSION  DRIVERS:  IMPROVE  TELEMETRY  LINK  BY  1 TO  2 dB 


MRSR  APPLICATION  ISSUES: 
CATIONS  TIME  REQUIRED  FOR 


DATA  RATE  VS.  POWER,  MASS,  AND  STATIONERY  CQMMUNI 

TRANSMISSIONS  FROM  ROVER  TO  EARTH.  
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WORKING  GROUP : COMMUNICATIONS 

DATE:  4/30/87  TIME:  H^p 

TECHNOLOGY: 


TECHNOLOGY  PLANNING  WORKSHEET 
REFERENCE (S ) : 


TELEMETRY /CODING 


DEVELOPMENT  FORECAST: 


I milestone/comments 

I DATE  I 

1988  DEVELOP  ENCODERS 
AND  DECODERS 

1989 


1998 -LAUNCH 
$ , K TECH . DATE 
FUND.  LEVEL  ERROR 


1990 


1991 


1992 


1993 


1994 


1995 


1996 


1997 


DEMONSTRATE  CODING 
IMPROVEMENT  OF 
1 dB  TO  2 dB 


2000 -LAUNCH 
$,K  TECH.  DATE 
FUND.  LEVEL  ERROR 


_L 


I 


* NOTE:  Technology  selection  cut-off  date  for  a 199ft  u 

**  NOTE:  Technology  selection  cut-off  date  for  a 2000- U^ch^L'lon . 
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WORKING  GROUP : pnMMiKrrraTTfNfi 

DATE:  Ann/R7  TIME:  9;QQ  .M — 


REFERENCE(S) : 


TECHNOLOGY : OPTICAL  COMMUNICATIONS 


KEYWORDS : TAKER.  DIRECT  DETECTION,  DETECTOR  ARRAY  COLLECTOR, 

RELATED  TECHNOLOGIES:  POINTING,  TRACKING,  ACQUISITION^ 


STATUS  : THE  COMPONENTS  EXIST  AND  PERFORMANCE 

PROGRAMS/EXPERTISE:  JTffiJTECHNOIGGY  IS  area. 

■TPT.  HAS  A GROUP  RECOGNIZED  NATIONALLY  IN  THIS  bFl^x^ 


NTCATIONS  SYSTEM. 


MRSR  APPLICATION  ISSUES : - 


maps 

BASELINE  CALCULATICNS . . _ 
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TECHNOLOGY  PLANNING  WORKSHEET 


WORKING  GROUP : COMMUNICATION 

DATE:  4/30/87  TIME : 11:00  AM 


REFERENCE(S) : 


TECHNOLOGY : OPTICAL  COMMUNICATONS 


RAYMAN/KRISHEN 


DEVELOPMENT  FORECAST: 


| MILESTONE/COMMENTS 

| DATE  | 


1988  detector  development 

(EFF.  < 30%) 

19g9  DETECTOR  DEVELOPMENT 

TRANSMITTER  DEVELOPMENT 
(EFF.  5 10%) 

TRANSMTTTER  DEVELOPMENT 

1990  ACQUISITION,  POINTING, 
TRACKING  (APT)  (<  1 mrad) 

1991  APT 

LAB.  SYSTEM  DEMO. 

LAB  SYSTEM  DEMO. 

I"2  SPACE  SYSTEM  DESIGN 

SPACE  SYSTEM  DEMO. 

1993 


SPACE  SYSTEM  DEMO. 

1994 


DATA  ANALYSIS 

1995 


1996 


1998-LAUNCH 
$,K  TECH.  DATE 
FUND.  LEVEL  ERROR 


•2000-LAUNCH  | 
$ i K TECH.  DATE  | 
FUND.  LEVEL  ERROR  I 


2000 

3000 

4000 

4000 

5000 

5000 

2000 


1000 


1997 


* NOTE: 
**  NOTE: 


TeGlinQiogy  selection  cut-off  date  for  a 1998-launch  mission 
Technology  selection  cut-off  date  for  a 2000-launch  mission. 
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WORKING  GROUP: 
DATE:  4/30/87 

TECHNOLOGY : 


TECHNOLOGY  PLANNING  WORKSHEET 

COMMUNICATIONS  REFERENCE ( S)  : RAYMAN/KRISHEN 

TIME : 10:00  AM  

OPTICAL  COMMUNICATIONS  


DEVELOPMENT  FORECAST: 


1998 -LAUNCH  | '“2000 -LAUNCH 


DATE 

1 

MILESTONE/COMMENTS  | $,K 

| | FUND. 

TECH. 

LEVEL 

DATE  | $,K  TECH. 

ERROR  j FUND.  LEVEL 
1 

DATE  | 
ERROR  | 

1988 

j 

DETECTOR  DEVELOP.  (EFF . | 

*30%)  TRANSMITTER  DEVELOP,  j 

2500 

1 

1 

— 

(EFF.  «10%)  “j" 

1 

1989 

DETECTOR  DEVELOP . j 

TRANSMITTER  DEVELOP . j 

3000 

1 

— 

ACQUISTION , POINTING  AND 

1 

1990 

TRACKING  (<lmrad)  > 

4000 

1 

LABORATORY  SYSTEM  DEVELOP^  J_ 

~|_ 

- ' 

1991 

1 

LABORATORY  SYSTEM  DEMONS,  j 

5000 

1 

1 

SPACE  SYSTEM  DEVELOPMENT  | 

SPACE  SYSTEM  DEMONSTRATION 

1 

_l 

1992 

8000 

1 

— 

1993 

“f 

DATA  ANALYSIS  1 

1 

500 

1 

1 

_*l_ 

1 

J 

I 

1994 


1995 

1996 


| 1997 


* NOTE:  Technology  selection  cut-off  date  for  a 1998-launch  mission. 
**  NOTE:  Technology  selection  cut-off  date  for  a 2000-launch  mission 
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TECHNOLOGY  PLANNING  WORKSHEET 

WORKING  GROUP:  CaMJNICATIONS  REFERENCED  S')  : RAYMAN/KRISHEN 

DATE:  4/30/87  TIME:  9:30  AM  L 

TECHNOLOGY : OPTICAL  COMMUNICATIONS 


ADDITIONAL  WORKSPACE: 

ADVANTAGES  OF  OPTICAL  COMMUNICATIONS 


O 


LIGHT  WEIGHT  COMPARED  TO  MICROWAVE  SYSTEMS.  SYSTEM  WEIGHT 
IS  25  KGS  FOR  FULL  REDUNDANCY  (EXCEPT  TELESCOPE  AND  GIMBAL) 
TO  40  KGS  FOR  THE  X-RAND  MICROWAVE  SYSTEM. 


ESTIMATED 

COMPARED 


O SMALLER  DEPLOYED  VOLUME  THAN  MICROWAVE.  FOR  OPTICAL  TRANSMITTER  IT 
COULD  BE  30  CM  x 30  CM  x 60  CM  COMPARED  TO  100  CM  x 100  CM  x 100  CM 

(ON  ROVER)  , 350  CM  x 200  CM  x 350  CM  (CM  ORBIT)  FOR  THE  MICROWAVE 
SYSTEM. 


O SMALLER  POWER  CONSUMPTION:  35  WAITS  COMPARED  TO  125  WATTS  FOR  THE 

MICROWAVE  SYSTEM.  THIS  ALLOWS  DATA  TRANSFER  DURING  ROVING  ON  THE 
MARS  SURFACE. 

A SLIGHT  CHANGE  IN  CONFIGURATION  PERMITS  AN  IMAGING  MODE  WHICH  ALLOWS 
COLLECTION  OF  UNIQUE  DATA  IN  OPTICAL  BANDS. 

CAPABILITY  FOR  HIGH  DATA  RATES  EXISTS  COMPARED  TO  MICROWAVE  BANDS. 
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TECHNOLOGY  PLANNING  WORKSHEET 

WORKING  GROUP:  mMMUNICATIOSlS REFERENCE(S)  : 

DATE:  4/30/87  TIME:  . 

TECHNOLOGY:  X-BAND  SOLID  STATE  POWER  AMPLIFIER  AND  ARRAY  ANTENNA 


KEYWORDS : M4IC,  HEMT 

RELATED  TECHNOLOGIES:  


DESCRIPTION-  DEVELOP  8.4  GHz  HIGH  ELECTRON  MOBILITY  POWER  TRANSISTORS  WITH 

HIGH  EFFICIENCY  AND  MMIC  DEVICES  FOR  ARRAY  ANTENNA  NEEDED  FOR  ROVER  X BAND 

COMMUNICATIONS  TO  AND  FROM  EARTH. 


STATUS:  INDUSTRY  INVOLVED  IN  DEVELOPMENT  OF  HEMTS  AT  THIS  TIME  MMIC  WORK  GOING 

ON  IN  INDUSTRY 


PROGRAMS/EXPERTISE:  OAST  FUNDED  X-BAND  POWER  AMPLIFIER  WORK  FOR  CRAF 


MRSR  MISSION  DRIVERS:  ROVER 

ANTENNA  ARRAY  SHOULD  AUTO-TRACK 
AT  8.4  GHz  or  32  GHz 


MUST  RECEIVE  X-BAND  FROM  EARTH  (7.2  GHz) . 
7 . 2 GHz  SIGNAL  AND  TRANSMIT  BACK  TO  EARTH 


MRSR  APPLICATION  ISSUES:  RECEIVE  OOWANDS  FORM  EARTH  AND  SEND  TljUMETOY 

TO  EARTH — 
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TECHNOLOGY  PLANNING  WORKSHEET 
COMMUNICATIONS REFERENCE (S)  : 


WORKING  GROUP: 

DATE:  4/30/87  TIME:  i;1n  pm  

TECHNOLOGY : X-BAND  SOLID  STATE  POWER  AMPLIFIERS  AND  ANTENNA  ARRAY 


DEVELOPMENT  FORECAST: 


DATE 

MILESTONE/COMMENTS 

1 

1988 

CONCEPTUAL  DESIGN 



PRELIMINARY  DESIGN 

1989 

COMPONENT  DEVELOPMENT 

EVALUATION 

1990 

TRADE-OFF  STUDIES 

— 

BREADBOARD  DEVELQMENT 

1991 

AND  TESTS 

1992 

ENGINEERING  MODEL 

— 

DESIGN  FAB  AND  TESTS 

1993 

1994 

1995 

1996 

1997 

1998 -LAUNCH 
$ ,K  TECH.  DATE 
FUND.  LEVEL  ERROR 

$800/YEAR  (FY'88  $) 
_ NEEDED  FROM  1988  _ 

THROUGH  1992 


•2000-LAUNCH 
$,K  TECH.  DATE 
FUND.  LEVEL  ERROR 


**  I 


* NOTE:  Technology  selection  cut-off  date  for  a 1998-launch  mission 
**  NOTE:  Technology  selection  cut-off  date  for  a 2000-launch  mission. 
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WORKING  GROUP:  COMMUNICATIONS REFERENCE ( S ) : 

DATE:  4/30/87  TIME:  11s 45  ~ 

TECHNOLOGY:  DEEP  SPACE  32  GHz  TRANSPONDER 


KEYWORDS 


RELATED 


TECHNOLOGIES:  DEEP  SPACE  X-BAND  TRMSPCMDER 


DESCRIPTION: 


. DEVELOmEUT  OP  A DEEP  SPICE  Kr-BAND  TRANSPONDER  IS  NEEDED. 


•STATUS  ■ CONCEPTUAL  DESIGN  FOR  Ka-BAND  EXCITER  DONE  DURING  DESIGN  EFFORT  POR1NE 

„,c,  x-band  TRANSPcrora_DEVgoPMEKr  effort — 


PROGRAMS/EXPERTISE:  NASA  X-BAND  TRANSPONDER  BEPEmmEHT  PROGRAM  UNDEFWAY 

AT  PRESENT  TBVE 


MRSR  MISSION  DRIVERS: 


REQUIRED  FOR  Ka-BAND  COMMUNICATIONS  LINK 


MRSR  APPLICATION  ISSUES: 


P0\7ER  TO  EARTH  COMMUNICATIONS 
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WORKING  GROUP : COMMUNICATIONS 

DATE:  4/30/87  TIME:  11:55  AM 


TECHNOLOGY: 


REFERENCE (S ) : 

DEEP  SPACE  32  GHz  TRANSPONDER 


DEVELOPMENT  FORECAST: 

1 

MILESTONE/COMMENTS 

t 

1 

1998 -LAUNCH  | 

2000 -LAUNCH 

DATE 

1 

$,K  TECH.  DATE  | 

$ , K TECH . DATE 

1 

1 

FUND.  LEVEL  ERROR  | 

FUND.  LEVEL  ERROR 

1988 

PRELIMINARY  DESIGN 
COMPONENT  DEVELOPMENT 

1 

1 

OAST  FUNDING 
REQUIRED  AT  600K  __  | 

1989 

BREADBOARD  DESIGN 

1 

1 

PER  YEAR  LEVEL  1 

FROM  1988  THROUGH  j 

1990 

BREADBOARD  FABRICATION 

1 

1992.  (IN  FY'88  1 



1 

DOLLARS)  j 

1991 

BREADBOARD  TESTS 

1 

1 

1 

1 

1992 

DEVELOPMENT  ENGINEERING 
MODEL 

'f 

1 

| 

~f 

1 

| 

- 

1993 

1 

1 

1 

| 

— 

— 

1 

L 

1994 

1 

1 

| 

1 

I 

1995 

f 

1 

| 

— 

— 

1 

__  ** 

1996 

1997 

1 

1 

“f 

1 

~l 

1 

i 

- 

^NNOTF.T?Chr1?Sy  Sel®Ction  date  for  a 1998-launch  mission. 

**  NOTE.  Technology  selection  cut-off  date  for  a 2000-launch  mission 
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WORKING  GROUP:  COMMUNICATIONS 

DATE:  4/30/87  TIME:  10:50  AM_ 


REFERENCE (S) : 


TECHNOLOGY:  MICROWAVE,  32  GHz_BFAM  WAVFHTTDE  FOR  SPACECRAFT 


KEYWORDS : REAM  WAVEGUIDES,  TWTs,  ANTENNAS,  POINTING, 


STATUS:  this  WORK  IS  PIOPOSrojOR_DEVgOgMg^ 

CTinnm  RV  nsn  THROUGH  THE  TDA  OFFICE_AT_JPL 

PROGRAMS/EXPERTISE:  TECHNOLOGY  HAS 

rnPFn  FOR  DSN  AWTENNAS  IN  DSN  ADVANCED  SYSTEMS  PROGRAM_ _ 


"""s-gagas  srssfg 

EXPERIENCE. 
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WORKING  GROUP: 
DATE:  4/30/87 

TECHNOLOGY: 


1987  TECHNOLOGY  PLANNING  WORKSHOP 
FOR  THE  MARS  ROVER 

TECHNOLOGY  PLANNING  WORKSHEET 

COMMUNICATIONS  _ REFERENCE (S)  : 


TIME:  11:00  AM 


MICRC^VE,  32  GHz  BW3  TOR  SPACECRAFT 
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DEVELOPMENT  FORECAST: 


DATE 

MILESTONE/COMMENTS 

I 

1998 -LAUNCH  J 

$,K  TECH.  DATE  | 
FUND.  LEVEL  ERROR  | 

'72000 -LAUNCH  | 

$,K  TECH.  DATE  | 
fund.  LEVEL  ERROR  | 

1988 

COMPLETE  SYNTHESIS  AND  i 

ANALYSIS  OF  DESIGNS.  [ 

OAST  FUNDING  IS 

1 

1 

| 

-L 

ESSENTIAL  FOR 

1 

1989 

COMPLETE  TRADE-OFF  STUDY  1 

development  but 

1 

1 

1 

— 

1 

DOESN’T  EXIST  AT 

1 

| 

1 

1990 

f 

; 1991 

BUILD  AND  TEST  MODEL  1 

BY  AND  OF  1989,  I 

~r 

i 

THIS  TIME. 

1 

1 

"f 

"l 

1 

1992 

1993 

1994 

1995 


| 1996 

l_ 

I 

| 1997 
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DEVELOPMENT  FORECAST: 
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BWG  RESEARCH  ANTENNA 
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MARS  ROVER  WORKSHOP 


(-J* 


(Please  enter 


Diary  of  Key  Thoughts 

worthy  ideas,  thoughts,  needed  actions 
as  they  occur  and  are  discussed.) 


or  observations 


'■  ro,1:  of  UnT  *,'?  .*°  ,Earth  deP*"da 

or  night  side  support'  only.—  ' ’-e'  Pr'nc'Pal  return  path 

Having^een^the  DSN  $vs  Dt and  Optical  over 
Can  they  do  $ trades' aero"  brthTh  o”  th*  R°”r  e"d' 

Md'con^AUo  s9pot',s“rzeiatSEa?thUrfaCe  ?"al,p.of  "Phot™  bucket” 
sub-earth  pointing.  Need  “Road  map." “PPOSition)  is  800  km.  Implies 

4.  Define  data  types.  Define  data  paths.  Find  limits  before  a technology 

5.  What  power  is  available  to  communications  for  downlink? 

6.  Should  downlink  be  active  only  while  Rover  is  stationary. 

t^ons^'ink'aV'a  ^continuous  data  mT°T  °rRbner  re,a*  c°«"ica- 

orbit  compatible  with  Earth  4turn  ,rbl t^u-  °aT  s1.?-’4”  ,s  ^is 
orbiter.  return  orbit?  Or  does  it  imply  a 2nd 


8.  Relay  Link  Mode  could  allow  greater  complexity  on  Orbiter: 

Processing 
Recordi ng 
Control 


9.  Imaging  of  Terrain  from  Orbiter. 

How  many  at  .5m  resolution? 

How  many  images  from  Rover? 

What  is  interaction  between  them? 

10.  mat  may  communications  assume  for  Rover  consumables? 

DC  Power 
Mass 
Vol ume 
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Diary  of  Key  Thoughts 

( Please  enter  worthy  ideas,  thoughts,  needed  actions  or  observations 
as  they  occur  and  are  discussed.) 


11.  How  about  real  High  Rate  Telemetry? 

Assume  30kps/150  kps  microwave 
Allow  Optical  experiment  at  1 Mbps 

12.  Can  Thermal  Control  maintain  a 0°C  Baseplots  for  planar  array. 

(-23°  to  - 120°C) 

13.  Programmable  Image  Compression.  What  is  the  computing  load? 

Fnr  X Band  Receive  for  autotrack.  There  is  a trade  of  between  4 
1 ‘ "Sorn  array  at  edges  of  planar  array  and  a single  over  mode  horn 

at  center. 

15.  Does  Communications  have  a functional  need  for  Data  Storage? 

16.  Want  X-Band  Analogs  of  the  1 MBPS  link  to  compare  to  32  GHz. 

17  For  Rover,  how  about  TWTA  and  slotted  waveguide  phased  array?  More 
pointing  demand,  harder  to  incorporate  X-Band  receive  into  this  32  GHz 

idea.  Needs  work. 

18.  Dickinson  showed  the  cartoon  with  32  GHz  Beam  Waveguide  implementation: 
(Lots  of  single  point  failures,  in  series) 

»•  s -ar;  ,t,.’ax.‘4xk 

or  600km. 

20.  What  about  Facilities  support  for  Optical  Reflector.  10  M anything 
needs  more  than  a 1 M something. 

21.  Slide  show  demonstration  of  value  of  a few  "enroute'1  pictures.  That 
helps  rover  avoid  getting  lost. 

22.  What  about  Homing  Beacon  on  Ascent  vehicle  for  benefit  of 
rendezvous? 

23.  Operation  in  Mars  Atmosphere  means  RF  breakdown  and  multipaction  in 
7 MB? 
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(Please  enter  worthy  ideas,  thoughts,  needed  actions  or  observations 
as  they  occur  and  are  discussed.) 
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Diary  of  Key  Thoughts 


(Please  enter 


worthy  ideas,  thoughts,  needed  actions 
as  they  occur  and  are  discussed.) 


1.  TECHNOLOGIES 
0 Ka  SSAPAs 
0 Laser  Power  Sources 
0 Telescope  Design 
0 Video  Compression 
0 Coding 


or  observations 
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(Please  enter  worthy  ideas,  thoughts,  needed  actions  or  observations 
as  they  occur  and  are  discussed.) 


1. 


Under  worst  case  (2.6  AU,  daytime  reception  on  Earth  with  10-meter 
collector)  orbiter  can  do  1 Mbps  with  same  35W,  25  kg  full  redundancy 
except  for  telescope. 


2.  Earth-target  pointing  using  10-15  cm  telescope  (which  can  support  all 
scenarios)  seems  to  be  no  problem  using  scanning  technique  to  locate 
Earth  limb  with  subpixel  resolution. 


3. 


4. 


5. 
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Diary  of  Key  Thoughts 


(Please  enter 


worthy  ideas,  thoughts,  needed  actions 
as  they  occur  and  are  discussed.) 


or  observations 


1.  Off-Peak  hrs  data  return  link. 

2.  Cost  chart  for:  Values  to  mission  of  changes  in  available  or  required 

AComm,  A Power , A Data  etc* 

3.  Value  of  Ka-34  GHz  U/L  Quick  S/C  Data  Load? 

4.  Value  of  telecommunicating  with  Rover  while  underway? 


5. 


How  much  can  the 
Systems  in  finding 


telecommuncations  subsystem  depend  upon 
Earth,  and  their  ACQ  time  and  accuracy. 


other  Rover 


6. 


What  would  be  the 
data  return  rate 


value  to  the  project  of  having  a 
for  returning  a few  pictures 


slow  but  continuous 
while  in  transit? 


7.  NASA’s  Research  Technology  Budget  vs.  its  Application  Technology 
Budget. 


8. 


1 i nks? 


MARS  ROVER  WORKSHOP 


/ 


/ 


Diary  of  Key  Thoughts 

(Please  enter  worthy  ideas,  thoughts,  needed  actions  or  observations 
as  they  occur  and  are  discussed.) 


1.  Imaging  while  moving? 


2.  30/150  kbps  - 1 Mbps  D/L 

8/2000  bps  U/L 


3. 


4. 


5. 
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(Please  enter  worthy  ideas,  thoughts,  needed  actions 
as  they  occur  and  are  discussed.) 

1.  1/2  M Dia.  transmitting  array  tc  80  W dc  rejection. 

2.  Application  Technology  Budget  vs.  Research  Technology 

3.  Phobos  is  within  5°  of  the  sun  from  September  1 
(Viking  Lander  shut  down  within  5°  of  the  sun) 

4.  Martian  fog  propagation  effects. 

5.  Value  of  both  microwave  and  optical. 


or  observations 


Budget . 


thru  October  30. 
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( Please  enter  worthy  ideas,  thoughts,  needed  actions  or  observations 
as  they  occur  and  are  discussed.) 


Value  of  different  paths  (direct  to  earth  or  relay  via 
storage)  for  various  data? 


orbiter  with 


Value  of  having  big  computer  on  orbit  instead  of  on  Rover  (approximate! v 
a constant  benign  environment  vs.  Rover  environment). 


What  are  the  effects  of  martian 
propagation  performance? 


fog  on  32GHz  or  optical  frequency  links 


Is  there  value 


in  having  simultaneous  optical 


and  microwave  links? 
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(Please  enter  worthy  ideas,  thoughts,  needed  actions  or  observations 
as  they  occur  and  are  discussed.) 


1.  Rover  Direct  - X-only 

Ka-Avai  lable 

30  kbps/150  kbps/ 1 MB  - Optical  Also 


2.  Rover  and  Relay  S/C  - X-only 

Ka-Avai labl  e 

30  kbps/150  kbps/I  MB  - Optical  Also 


3. 


4. 


5. 
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(Please  enter  worthy  ideas,  thoughts,  needed  actions  or  observations 
as  they  occur  and  are  discussed.) 


1.  Nobody's  addressing  issue  of  cooling  of  rf  amplifiers  and  thermal 
dissipation  problem.  


2.  We  need  to  describe  what  we  can  offer  and  what  we  need  to  achieve  it. 
What  are  some  reasonable  scenarios  (data  rates,  distances,  power,  mass, 
volume,  etc)? 


3.  As  long  as  optical  can  support  60  kbps  under  worst  case  with  4.0  dB  marqin 
and  has  modest  rover  needs  (35W,  25  kg)  it  should  be  offered. 


4.  ?0  kbps  should  be  considered  absolute  minimum:  that's  just  enough  to  do  stereo 

imaging  for  rover  motion.  Need  some  data  for  science,  too,  and  it  could  be 
comparab I g . 


5.  ?-5  m,  !5a  efJ • 10W  P1anar  array  only  does  30  Kbps  to  DSN  34m  0 2.6  A U That 

doesn't  allow  for  science. 
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GLOSSARY 


AI 

CMOS 

CPU 

DoD 

Eos 

G&C 

GaAs 

I/O 

MIPS 

Mbytes 

MeV 

NASA 

NAV 

PERT 

RAM 

ROM 

SAR 

SEU 

TCU 

VHSIC 

VLSI 


ABBREVIATIONS  AND  ACRONYMS 
artificial  intelligence 

complementary  metal  oxide  semiconductor 

Central  Processing  Unit 

Department  of  Defense 

Earth  orbiting  satellite 

guidance  and  control 

gallium  arsenide 

Input/Output 

Million  instructions  per  second 
Megabytes 

mega  electron  volts 

National  Aeronautics  and  Space  Administration 
navigation 

program  evaluation  and  review  technique 

Random  Access  Memory 

read  only  memory 

synthetic  aperture  radar 

single  event  upset 

Thermal  Control  Unit 

very  high  speed  integrated  circuit 

very  large  scale  integration 
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PAGE  BLANK  NOT  FILMED 


iii 


JMtthllQNALU  BLANK 


CONTENTS 


1.  EXECUTIVE  SUMMARY  . 

2.  INTRODUCTION  . . . 

3.  DISCUSSION  . . . . 

3.1  Hardware  . . 

3.2  Software  . . 


4.  SUMMARY  AND  CONCLUSIONS  . 

4.1  Hardware  

4.2  Software  


5.  PRESENTED  MATERIALS 


PRECEDu&i  PA3E  BLANK  NOT  FiL^TD 


tlflj  I \/  tMTt-NnnwAHY  BLANK 


SECTION  1 


EXECUTIVE  SUMMARY 


The  requirements  placed  on  computing  and  task  planning  functions 
for  the  rover  are  driven  by  the  capabilities  of  the  on-board  subsystems  and 
the  expected  mode  of  rover  operation.  Rover  computing  and  task  planning 
technology  must  satisfy  performance  requirements  for  local  guidance  and  hazard 
avoidance,  science  and  sample  acquisition,  and  rover  mobility. 

To  accomplish  the  computing  operations  expected  in  rover  task  plan- 
ning activities,  a multi-megabyte,  highly  fault-tolerant  random  access  memory, 
with  storage  requirements  in  the  range  of  10  to  10  bits,  will  be 
required.  Also,  a highly  reliable  mass  storage  system  with  a capacity  of  about 
106  to  107  bits  will  be  needed.  This  is  a major  concern,  but  magnetic 
bubble  memory  or  magneto-optical  disc  technology  may  offer  possible  solutions. 


A key  constraint  on  rover  computing  capabilities  may  be  the  need  to 
limit  the  power  consumption  of  on-board  computing.  Mass  and  radiation 
hardening  requirements  may  also  impose  constraints,  but  no  specific  conclusions 
or  recommendations  were  made  in  these  areas. 


Software  issues  were  also  considered.  Although  no  specific  needs 
were  defined,  areas  of  concern  were:  rover  planning  activity,  both  on-board 

and  on  Earth;  simulation  for  Earth-based  planning;  on-board  monitoring;  and 
on-board  diagnosis.  There  was  general  agreement  within  the  working  group  tha 
the  rover,  with  its  highly  capable  subsystems,  will  present  a planning  problem 
more  complex  than  any  previously  encountered  in  planetary  exploration. 


A final  issue,  software  validation  and  verification  technology 
development,  must  be  resolved  in  order  to  assure  the  Mars  Rover  Sample  Return 
project  and  its  sponsors  that  every  reasonable  precaution  has  been  taken  m 
this  area.  It  is  not  currently  possible  to  validate  and  verify  any 
large-scale  software  system,  such  as  the  one  used  on  the  Space  Shuttle. 
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SECTION  2 


INTRODUCTION 


The  Computing  and  Task  Planning  working  group  consisted  of  members 
from  various  disciplines.  Among  these  disciplines  were  spacecraft  sequence 
planners.  Artificial  Intelligence  (AI)  system  developers,  and  Autonomous 
Vehicle  technologists. 

While  these  disciplines  overlap,  the  differences  in  background 
caused  the  first  couple  of  days  to  be  devoted  to  a familiarization  across 
discipline  boundaries.  Many  of  the  participants  had  prepared  presentations 
for  the  workshop  and  these  presentations  served  as  the  catalyst  for 
discussions  which  helped  in  the  familiarization  process.  The  material  used  in 
the  presentations  is  included  at  the  back  of  this  section  and  constitutes  the 
bulk  of  this  volume  of  the  proceedings. 
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SECTION  3 


DISCUSSION 


The  requirements  placed  on  the  computing  and  task  planning 
functions  are  driven  by  the  capabilities  of  the  onboard  subsystems  and  the 
expected  mode  of  rover  operation.  Up  to  a point,  more  capable  and  autonomous 
subsystems  will  increase  requirements  on  both  the  general-purpose  computing 
capability  and  the  task  planning  function.  Similarly,  sprint  versus  graze 
modes  (adaptive  versus  highly  adaptive)  will  have  a significant  impact  upon 
the  general-purpose  computing  capability  and  the  task  planning  function.  As 
neither  the  subsystem  capabilities  nor  modes  of  operation  have  yet  been 
determined,  the  computing  and  task  planning  requirements  are  largely  unknown 
and  most  of  the  discussions  centered  on  bringing  up  issues  rather  than 
arriving  at  answers  or  conclusions. 


The  main  issues  which  were  discussed  during  this  group's  sessions 
are  divided  into  two  sections.  In  the  first  section  are  issues  (questions) 
concerning  general-purpose  computer  hardware.  In  the  second  section,  the 
questions  deal  with  the  software  to  be  hosted  in  the  hardware. 


3 . 1 HARDWARE 

• What  is  the  probable  required  range  for  instructions  per 
second  (Million  Instructions  Per  Second  or  MIPS)  out  of  the 
general-purpose  onboard  computers? 

• How  does  the  state-of-the-art  in  flight  hardware  compare  to 
the  MIPS  requirement? 

• How  much  randon  access  memory  (RAM)  could  reasonably  be 
required? 

• How  does  the  state-of-the-art  in-flight  hardware  compare  to 
the  RAM  requirement? 

• How  much  mass  storage  can  we  expect  to  require  (megabytes)? 

• How  does  the  state-of-the-art  in-flight  hardware  compare  to 
the  mass  storage  requirement? 

• What  is  the  implication  on  power  and  mass  from  these  hardware 
requirements? 

• What  degree  of  radiation  hardening  is  going  to  be  required? 


3.2  SOFTWARE 

• Rover  activity  planning:  how  much  can  be  done  on  board  and 

how  much  will  be  required  on  board? 


iWT  RLMtD 


7-3-1 


Rover  activity  planning:  how  much  can  be  done  on  the  ground 

and  how  much  will  be  required  on  the  ground? 

Simulation:  to  what  extent  will  simulation  be  required  for 

ground-based  planning,  and  what  is  the  state-of-the-art  in 
simulation  of  non-determinis tic  systems  and  environments? 

Monitoring:  how  sophisticated  will  the  onboard  monitoring 

have  to  be? 

Diagnosis:  how  sophisticated  will  the  onboard  diagnosis 

capability  have  to  be? 

Software  validation  and  verification:  is  it  possible,  is  it 

practical? 


SECTION  4 


SUMMARY  AND  CONCLUSIONS 


A . 1 HARDWARE 

. It  was  concluded  that  on  the  order  of  1 to  10  MIPS  would  be 

required  for  the  onboard  general-purpose  computer.  This 
number  assumed  that  the  task  planning  and  navigation  systems 
could  time  share  the  general-purpose  computer  resources. 

Current  state-of-the-art  flight  hardware  can  not  satisfy  the 
1 to  10  MIPS  range.  It  was  deemed  unlikely  that  NASA  could 
undertake  the  expense  of  development  of  the  hardware,  and  the 
NASA  should  rely  upon  Department  of  Defense  (DoD)  sources  for 
the  development.  NASA  should  devote  some  effort  to  staying 
abreast  of  these  DoD  developments. 

• RAM  requirements  ranged  from  1 to  10  Mbytes.  This  range  was 
driven  by  the  expected  task  planning  computation  speed 
requirement . 

• The  RAM  requirement  was  certainly  higher  than  for  previous 
planetary  missions  but  was  not  deemed  an  insurmountable 
problem. 

• The  mass  storage  requirement  ranged  from  0.1  to  1.0  Gbyte. 

• The  mass  storage  requirement  was  a major  concern.  No 
space-qualified  mass  storage  capabilities  are  anywhere  near 
the  expected  needs.  Bubble  memories  were  mentioned  as  a 
possibility,  as  were  rewritable  optical  disks.  However,  it 
is  clear  that  this  storage  requirement  will  have  to  be 
seriously  investigated  as  it  may  limit  the  ultimate 
capability  of  the  rover. 

• No  conclusions  were  reached  regarding  either  mass  or  power 
requirements . 

. No  conclusions  were  reached  regarding  radiation  hardening 

requirements . 


4.2  SOFTWARE 

* It  is  clear  that  the  rover,  with  its  highly  capable 
subsystems,  will  present  a more  complicated  planning  problem 
than  has  been  addressed  before  in  planetary  exploration.  The 
problem  lies  in  planning  for  a system  which  is  not  as  smart 
as  an  astronaut,  but  too  smart  to  be  predictable. 

• It  was  not  clear  how  much  diagnosis  will  be  required  on  board 
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Software  validation  and  verification  evoked  the  normal 
response.  It  cannot  currently  be  done  with  any  large 
software  system  (for  example,  the  Shuttle).  However,  it  was 
agreed  that  work  would  have  to  be  done  to  assure  the  project, 
as  well  as  sponsors,  that  every  reasonable  precaution  had 
been  taken  until  a method  of  validation  and  verification 
could  be  developed. 
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SECTION  5 


PRESENTED  MATERIALS 


COMPUTING 


AND 

TASK  PLANNING 
VIEWGRAPHS 
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MAX 

A High  Speed,  General  Purpose 
Minicomputer  for  Space  Applications 

MAX  Users  Workshop 
March  16, 1987 
Bob  Rasrpussen 


Computational  Requirements  Summary 


°F  POOR  QU&i 


" !S 

!TY 


JPL 


Principle  MAX  Objectives 


•New  Device  Technology 

- Faster,  lower  power,  higher  density 

- Radiation  and  Single  Event  Upset  hard 

• Powerful  Software  Methodology 

- High  modularity 
-Sophisticated  concurrency  sUpport 

- Configuration  transparency 

• Flexible  Concurrent  Architecture 

- Wide  application  range  through  modularity 

- Realizable  in  a variety  of  device  technologies 

• Fault  Tolerance 

- Efficiently  tailorable  to  application  needs 

- Distributable  for  damage  tolerance 

- On  line  repairability 


JPL 


Technology  Roadmap 


Experimental 

Prototype 


PDR 

-A- 


PteMnafi 

Breadboard 

— A 


Ful  VLSI 
Implementation 


Program 


Tools,  Qesign 
& Techniques 


Custom  Radiation  Hardenod 

Component  Devices 


Pathfinder,  BCE  (SDIO) 


Mariner  Mark  II  (NASA) 


JPL  VLSI  Technology  Programs 


Sandia  CMOS  III  Components  (DoE/DoD) . 


Spacecraft 

Engineering  Systems 

Robotics  Applications 

High  Data-rate  Science 
Instruments 

Mars  Rover 
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Flexible  Concurrent  Architecture 


JPL 


Device  Technology 


• Ultimate  goal  is  a VHSIC  realization 

- Near  term  space  qualifiabiltty  is  an  open  issue 

• Current  implementation  in  Sandia  National  Laboratory  components 

- Previous  flight  qualification  history. 

-2  micron,  10-15  MHz  CMOS. 

-Hard  to  >100  krad. 

- SEU  immune  (>37  MeV  / mg  / cm  )• 

. - Emulation  of  NS32000  series  components. 

-32  bit  p-processor  family. 

-Well  suited  to  high  level  languages. 

-Additional  memory  and  glue  components. 

-Support  for  custom  VLSI  components. 
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Device  Technology 


JPL 


• DUAL  PROCESSOR  DESIGN 

• SEPARATE  LOCAL  BUS  & 
MEMORY  FOR  EACH  CPU 

• COMMUNICATION  THROUGH 
SHARED  MEMORY 

• DMA  I/O  SUPPORT 
•FPU  CO-PROCESSOR 

• OFF  BOARD  BUS 
•SINGLE  BOARD  DESIGN 


MAX  Module  Configuration 
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MAX  Hardware  Architecture 


• FULLY  DECENTRALIZED 

• ANY  NUMBER  OF  IDENTICAL 

PROCESSING  MODULES 

• NO  SHARED  MEMORY 

BETWEEN  MODULES 


JPL  Topology  examples 


JPL 


More  topology  examples 


JPL 


VLSI  Global  Bite  Controller 


Features: 


0.5  to  10  Mhz  programmable  baud  rate 
Broadcast  mode 
Fully  distributed  operation 
Deterministic  (woret  oase)  access  delpv 
Round  robin  access  during  heavy  loatiihg 
Multiple  access  during  light  loading 
Minimal  data  traffic,  only  control  information 
Global  system  time  synchronization 


Interlace  to  32 
or  16  bit  internal, 
module  bus 
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Powerful  Software  Methodology 


JPL 


The  Data  Flow  Concept 


• System  functions  activated  by  the  flow  of  information 

• Relationships  often  represented  by  Data  Flow  Graphs 


• Familiar  models... 

• Spreadsheet  programs 

• PERT  charts 

• Signal  flow  diagrams 

• DeMarco  structured  analysis 
diagrams 
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JPL 


H * i ii03 

The  M$X  Operating  System 

• Fully  distributed 


- One  copy  on  egoh  module 
-Cooperation  via  global  bus 

• Layered  design 


*n^intional  mult,-,£*skin9  and  i/Q  at  lower  level 
- Data  flow  programming  model  at  high  level 

Tailored  for  real  time  applications 


* J"'™0  / event  operations 
- Prioritization  of  responses 

• Transparently  implements  fault  tolerance 


JPL 


Data  Flow  Software  Design 
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Data  Flow  Formalities 


• Tokens  can  be  created  or  destroyed, 
but  never  changed 

• Strict  functions  only,  no  side  effects 


JPL 


Low  Resolution  Datia  Plow  Advantages 


• Concurrency  specification  facilitated 


• Highly  modular  code 

- Details  of  code  hidden  at  system  level 

- Design  specification,  ooding,  test,  and  maintenance 
in  small,  decoupled  pieces 


• System  state  completely  embodied  in  tokens 

- No  other  context  to  preserve  through  faults  or  interruptions 

- Need  compare  or  checkpoint  only  tokens 


• Unified  approach  to  data  & control  lowers  overhead 


-Token  data 

- Meshwork  packets 

- Memory  blocks 

- Code  segments  . 


h common  structure 


i 
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Fault  Toterahoe 


JIPL 


i 

Fault  Tolerance 


• Software 

-Transparent  redundancy 

- Distributed  operating  system 

- Multiple  copies  of  application  software 

- Triplicate  and  vote  option  for  data-flow  graph  functions 

• Hardware 

- Meshwork  can  route  around  failed  boards 
-Dual  global  bus  design 
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Rover  implications 


for  Max 


March  16,  1987 


Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena,  Californio 


JPL  SPACE  COMPUTATIONAL  REQUIREMENTS  SUMMARY 


1000 


100 

l/l 

O- 

ca 

£ 


10 


1 


MOPS 
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jtawer  and  Weight 


1992  Sard  autonomous 

Needs  approximately  15  total  individual  processors 
§ 5 watt/board  P“75  watts 
THAIS  A LARGE  FRACTION  OF  AVAILABLE  PCWEF 

Weight  will  also  be  dear 

tens  of  « large  fraction  of  available  power 

Conclusion 

Rover  range  * f { KiPS/watt,  HIPS/#) 


Better  Processors 


Improved  processors  will  help,  but  not  much  very  soon 

- GaAs  targeted  at  rad/h»rd  DCD  applications  at  sacrifice  of 
power. 

- May  not  be  useful  on  Rover 


1 1/4  micron  CMOS  some  hope 

May  improve  MIPS/*  and  MIPS/vatt  tv  factor  of  2 or  so 

primarily  DOD  development 
3 to  5 years  away 
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Surma  ry 


Rover  should  use  320xx  processor  technology 

Switch  when  successor  processor  appears  (3  to  5 years) 

Max  is  espcially  approprite  for  Rover 

' JprOCeS9°r  “Signrent  djring  normal  program  execution  can  save 

veignt  ana  power. 

for  Reliability 

for  Synchronization  of  processors 
Permits  mix  of  processing  speeds 
- Can  mix  various  process  speeds 

' "ax  advantage  will  become  more  apparent  when  system  weight  and  power  are 
addressed  more  seriously. 


mrsp 
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DEFINITIONS  - AUTOMATION  & AUTONOMY 


AUTOMATION  IS  THE  USE  OF  MACHINES  TO  CONTROL 
AND/OR  CARRY  OUT  PROCESSES  IN  A PREDEFINED 
OR  MODELED  SET  OF  CIRCUMSTANCES  WITHOUT 
HUMAN  INTERVENTION. 


AUTONOMY  IS  THE  ABILITY  OF  A SYSTEM,  SUBSYSTEM 
OR  ELEMENT  TO  OPERATE  MEETING  ITS  SPECIFIED 
OBJECTIVE  WHILE  BEING  NON-DEPENDENT  ON  A 
HIGHER  LEVEL  FOR  ANY  LOCAL  ACTION  REQUIRED 
IN  RESPONSE  TO  EXTERNAL  INPUT  AND/OR  STIMULI 
PRODUCED  BY  INTERNALLY  CONTAINED  SENSORS. 
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LEVEL  OF  AUTONOMY  - CATEGORIZATION 


Increasing 
Independence 
from  Ground 
Interaction 


Top  level  FUMCTIOA/Zg  Z>rco^a/r/oV 


Acre's  OA/ 

P s . AUTOAJO/Ai 


W**/*'7 

"C^vi 
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New  Generation 
Vision  Technology 
for 

Autonomous  Navigation 

Chuck  Thorpe 
Robotics  Institute 
Carnegie  Mellon 


Goals  of  the 
NAVLAB  Project 

Map-guided  and  exploratory  missions 
Landmark  recognition  and  tracking 
On-  and  off-road  navigation 
Obstacle  avoidance 
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NavLab 

Room  for  onboard: 

.computers  (5  racks),  including  Warp, 
controller,  Suns 

. researchers  (4,  including  watchdog) 

. power  (2  * 5500  Watt  generators) 

. sensors  (pan/tilt  + pan) 

Roadable 

Fixable 

Comfortable 

Controllable 

Testbed  for  data  fusion  and  for  variety  of  terrain 


''  1 II 

i \ 


GEMINI 

l I Transparency  Mounts 
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Vision  Principles  for  the 
Real  World 


Assume  variation  and  change 
Use  few  geometric  parameters 
Work  in  the  image 
Calibrate  directly 
Use  outside  constraints 
Test  with  real  data 


Image 

i 


Road/Non-road  ^ 
Classification 


Hough  for 
Road  Position 
& Orientation 


Road  Model 

Width 
Position 
Orientation 
Surface  Appearance 
(RGBT) 

Implementation 


Image  reduction 

• 2x2  averaging  from  480  x 512  to  30  x 32 


Color  classification 

• 2 road  classes  and  2 nonroad  classes 

• Standard  maximum  likelyhood 

• Uses  R,  G,  and  B 

Texture  calculation 

• High  resolution  Robert’s  operator 

• Normalize  for  shadow  edges  with  low 
resolution  Robert’s 

• Normalize  for  shadow  interiors  with  mean 
value 

• Threshold  and  count  edges 

• Classify  with  fixed  means  and  variances 

Combine  color  and  texture  results 

• Produce  classification  and  "confidence"  .. 


Vote  for  best  road  position 
• Hough  transform 
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P:  Road  direction  relative  to  vehicle 
0:  Vehicle  position  relative  to  road  center 


Find  a pood  combination  of  (P,0) 
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Update  colors 

• Four  areas  plus  safety  zones 

• Calculate  statistics  / reclassify 

• Use  distance  to  means 


Initialization 

• Geometry  calibration  with  two  meter  sticks 

• Color  and  road  shape  calibration  with  training 
image 


Performance 

• 10  second  loop  time  on  Sun  3 /1 80 

• Almost  all  good  enough  for  navigation 

• Remaining  problems: 

• Road  covered  with  snow  or  leaves 

• Drastic  illumination  changes 

• Saturation 


Nodding  Mirror 


Prism  Pair 
APD  Recolver 

Reduction  Telescope 

Folding  and  Alignment 
Mirrors 


FIGURE  3.  ALV  OPTICAL  SYSTEM 
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Motion 

Sensor 
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Tokens 


Tokens 


Blackboard  Manager 

” * 


Local 

Map 


• Moving  Coordinates 

• Time 

• Distributed  Processing 


Artificial  Intelligence 
for  Mobile  Robots 

Standard  Al  applications: 

• Fault  diagnosis 

• Signal  interpretation 

• Threat  analysis 

Unique  applications: 

• Mission  planning  and  execution 

• Image  understanding  and  fusion 

Intelligent  mobile  robots  need  more  than  standard  expert 
system  tools. 
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History  of  Al 


Inference  — > Knowledge 


Logic  Theorist: 

• all  inference 

• solved  Towers  of  Hanoi,  Missionaries  and 
Cannibals 

• "If  P then  Q"  (no  knowledge) 

Mycin: 

• rule-based  "expert  system" 

• medical  diagnosis 

• "If  P then  Q with  confidence  0.7"  (shallow 
knowledge) 

Aladdin: 

• deep  reasoning 

• Aluminum  alloy  design 

• "examine  crystal  structure,  electrical 
structure"  (deep  knowledge) 


Expert  Systems  for  Mobile  Robots 

Design  tenets: 

• Use  separate  modules 

• Provide  tools  for  geometry  and  time 

• Provide  tools  for  synchronization 

• Handle  real-time  vs  symbolic  interface 

• Provide  a "virtual  vehicle" 

• Plan  for  big  systems 


Avoid: 

• Do  not  throw  away  geometric  precision 

• Do  not  concentrate  on  explanations 

• Do  not  build  an  omniscient  master  process 
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A bstraction 


Autonomy 


Perception  and  Planning  and 

Representation  Control 


AutOmomouS 


Supervised 


Teleoperated 


T i 


Real  World 


Blackboard  Features 

Multiple  independent  processes 

Multiple  processors  & processor  types  (Sun,  Vax,  IEEE 
Standard  floating  point,  byte  swapping, ...) 

Multiple  coordinate  frames  and  history 

Multiple  languages  (C,  Common  Lisp) 

Multiple  interaction  modes  (immediate,  one-shot, 
continuous) 

Geometric  queries  (point,  line,  polygon,  point  set,  ...) 

Time  and  position  server 
No  master  process 
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Ttype 

Area 

Surface 

intersection  ' 

200.0 

CONCRETE 
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Module  Architecture 

• Implemented  for  Terregator  map  following 
system 

• Adapted  for  Navlab 

Human  assigning  mission 


Virtual  vehicle  (Sensors  and  Motors) 
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Coming  Attractions 


From  other  institutions: 

• UMass  segmentation  from  motion 

• ADS  planning 

• SRI  object- recognition 

• USC  moving  object  detection 

From  CMU: 

• Warp  implementations 

• FIET  interface 

• Interface  to  manipulators 


So  What? 

Contributions  to  National  Space  Program: 

• Not  road  following,  but  vision  tenets 

• 3D  perception 

• Blackboard  and  geometry 

All  experimental,  generic,  and  limited,  need  major  effort  for 
space  qualification. 

Right  ideas,  right  testbeds,  right  start,  and  freely  available. 


7-5-39 


0 Y I 


CMU  Blackboard 
Shortcomings 

Topless  and  bottomless 


Do  driving  units  really  work?  (perception  vs  path 
planning) 


Unfinished  error  models 


Unfinished  real-time  (multiprocessor?) 


Restricted  assumptions  about  maps 


Unfinished  pipeline 


Extensible  to  manipulation? 
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Map/sensor  fusion 


Three  forthcoming  PhD  theses  in  this  area. 

1 .Improve  vehicle  and  object  position  accuracy 
from  multiple  readings  by  modeling  the 
shape  of  the  error  distributions 

2.  Project  video  data  onto  range  images  and 
do  segmentation  in  the  6— vector  space 
(Red,  Green,  Blue,  X,  Y,  Z) 

3.  Keep  track  of  dead  reckoning  errors  and 
automatically  update  the  trajectory  history 
when  landmarks  are  recognized,  handling 
errors  in  transforms  between  objects  seen 
at  different  times  from  different  vehicle 
locations  by  different  sensors 


Lessons  & surprises 

Easy  stuff  is  so  easy 
Hard  stuff  is  so  hard 

Communications  (TV,  radio,  audio)  are  a major 
headache 

Sensor  limitations  (TV,  ERIM,  sonar) 

Camera  calibration  (hard  to  do  right,  may  not  be 
needed) 

Blackboard  is  so  large 
Funding  works  (within  IK) 
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Three  Levels  of  Path  Planning 

Long  range 

Obstacle  avoidance 


Servoing 

Importance  of  interfaces  between  levels 


NO  DATA  10000 

POND  10000 

BARREN  EARTH  10 

BUILDING  10000 

DISTURBED  SURFACE  100 

GRASS  20 

MIXED-MED/DENSE  SPACE  100 

PARKING  LOT  5 

SHRUB-MED/DENSE  SPACE  200 

SHRUB-OPEN/MED  SPACE  100 

TREES-MED/DENSE  SPACE  400 

TREES-OPEN/MED  SPACE  200 

UNPAVED  ROAD  10 

ASPHALT  ROADC18FT  2 

ASPHALT  ROAD>18FT  1 

DIRT  ROAD<18FT  4 

DIRT  ROAD>18FT  3 

JEEP  TRAIL<18FT  6 

JEEP  TRAIL>18FT  5 

PAVED  ROAD  5 

PLANNED  PATH  5 

GULLY  1000 
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Obstacle  Avoidance 

Multiple  "costs": 

• distance 

• proximity  to  obstacles 

• sharpness  of  turns 

• travel  through  unknown  areas 

Added  dimensions  for  moving  obstacles 


Alternatives 
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MARS  ROVER  WORKSHOP 


kms 

fusion 


inc. 


PROTOTYPE  GLOBAL  PATH  PLANNER  (PGPP) 
FOR  ROBOTIC  VEHICLES 


TACOM  contract  DAAE07  — C — 86  - R090 


Patrick  J.  McNally 
April  28,1987 


AGENDA 


kms 

fusion 


Inc. 


KMS  FUSION  - Who  we  are 

Robotic  Vehicle  and  Path  Planner  concepts 

The  Prototype  Global  Path  Planner  Program 

system  aichitecture 
terrain  data 
mobility  models 
etc 

Issues  for  the  Global  Path  Planner 
Issues  for  the  Mars  Rover 


PJM-2 

4/28/87 
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KMS  Fusion  is  a diversified, 
high-tech  company 


x .IdllS 

fusion 

UVt 


1)  Fusion  energy  research 

DOE  contract  provided  92%  of  corporate  revenue  in  1903. 
Fusion  is  a promising  long-term  source  of  energy. 

2)  Aerospace  Technology 

Laser  technology  and  Aerospace  instrumentation. 

, Dept,  of  Defense  and  NASA  are  customers. 

I Provides  most  rapid  Immediate  growth. 

i ■ * 

3)  Bio-Technology 

Products  are  diagnostic  reagents  and  cell  culture  materials. 
Bio  tech  subsidiary — CTC. 

Explosive  growth  forecast  In  the  late  1900's. 


PJM-3 

4/28/87 


We  play  a unique  role 

in  the  national  fusion  program 


x -l«ms 

fusion 


• In  1985,  KMS  Fusion  will  receive  $140  M from  DOE  for  Laser 
Fusion  Research 

• We  operate  one  of  (lie  most  powerful  lasers  in  the  world  — 
Chroma 

000  Joules  in  1 nsec  (infrared) 

500  Joules  in  1 nsec  (visible) 

• We  maintain  a flexible  experimental  facility 

• We  provide  targets  and  target  components  to  Ihe  oilier 
program  participants. 


PJM-4 

Wt/97 
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KMSF  Aerospace  Staff  - What  is  our  past  experience? 
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fusion 


Apollo  Lunar  Science  Slallons 
Landsal  Ground  Processing  Syslems 

Laser  Relrorelleclor  Ranging  Salelllles 

Viking  Scientific  Instruments 

Mass  Spectrometer  Instrumentation 

|R  Airborne  Radiometer  Syslems 

ASW  Surveillance  and  Oceanographic  Sensors 

Shuttle  Inertial  & Mass  Spectrometer 
Instruments 

X Ray  Inspection  Systems 

Multlspactral  Airborne  Sensing  Instruments 

Digital  Data  Processing  & Display  Systems 


15  Scientific  Experiments,  Astronaut  Deployed 

Landsat  Receiving  Slallon  l ocated  at  NASA 
GSFC 

2 l aser  Ranging  Satellites  wilh  456  Relleclors 

3 Instruments  for  2 Mara  Missions 

Space,  Ground  A Submarine  Based  Mass 
Spectrometers 

Several  High  Sensitivity  4,«m  & 1<Vm  Syslems 
Low  Light  Level  and  Meteorological  Sensora 
Current  Space  Shuttle  Flight  Hardware 

Airport  Security  Systems 

NASA  and  DOD  Infrared  Scanners 

High  Speed  Airborne  and  Ground  Data 
Processing  Systems 
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ROBOTIC  VEHICLE  CONCEPT 


kms 

fusion 


Inc. 


ARCHITECTURE: 

HIGH  LEVEL  PATH  PLANNER  ; 

LOW  LEVEL  ROUTE  FOLLOWER 
NAVIGATION  SYSTEM 

IMPLEMENTATION: 

Path  planner  uses  terrain  database,  vehicle  mobility  information,  and  mission  information 
-computation  intensive  and  data  storage/retrieval  intensive 

Route  follower  uses  terrain  recognition  and  vehicle  control 
— sensor  intensive  and  computation  Intensive 

Path  Planner  is  re  - activated  when  Route  Follower  encounters  major  obstacles 
Route  Follower  is  expected  to  find  locations  to  turn  wilh  aid  from  Navigation  system 


pjm-s 
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GLOBAL  PATH  PLANNER  CONCEPT 


kms 

fusion 

Inc. 


Path  Planning  over  a variety  of  TERRAINS 
Path  Planning  using  a variety  of  VEHICLES 
Path  Planning  using  a variety  of  MISSION  OBJECTIVES 
HEIRARCHICAL  DATA  ORGANIZATION 
KNOWLEDGE  ENHANCED  for  FASTER  SEARCH 

TERRAIN  DATA  of  NOMINAL  RESOLUTION  for  1 990's  ( 1 00  meter  - 1 0 meter) 
Integrated  Terrain  and  Planning  Display /or  MANUAL  OVERRIDE 
FIELD  TESTED  using  Military  Scout  route  planning  comparison 
Paths  over  roughly  1 0 km  by  1 0 km  area 

Capable  for  use  as  a HUMAN  AID  as  well  ae  AUTONOMOUS  OPERATIONAN 
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PGPP  SYSTEM  ARCHITECTURE 


kins 

fusion 

Inc 


Symbolics 


Computer  in  KMSF  Development 


kms 

Environment  fusion 

Inc. 


Symbolics 
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keyboard 

^ KMSF  Aarospace  IAN  (EthamaVNoval) 
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keyboard 


lo/from 

AQVT 

'driver' 


dol-makfc 

prinfaf 

file  server 


laser 

printer 


oilier  prfnlwi 
and  piollar  (2nd  qtr.| 
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FORT  KNOX  TERRAIN  DATA  DERIVATION 


fusion 

Inc. 
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DATA  RESOLUTION  LEVELS 
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fusion 


Inc. 
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MOBILITY  MODELS 


fusion 

Inc. 
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PGPP  Major  Software  Components 


. .kms 

fusion 

inc. 


• Operator  Interface 

■ Terrain  Database  Management  System 

■ Knowledge  Based  Cost  Generator 

■ Path  Generator 

• Path  Optimizer/Describer 

■ AGVT  Communicator 


0R1G^<^  ir'i-iGE  !S 

OF  POOR  QUALITY 
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Potential  FY  Ml  Additional  Tasks 


1 Support  integration  of  PGPP  S/W  with  AGVTs  for  Ft.  Knox  tests. 

2 Expand  PGPP  to  compute  esl.  fuel  consumption  and  allow  roulo  plan 
to  minimize. 

3 Standardize  Robotic  vehicle  system  architecture  wrt  path  planning  and 
define  interface  control  points;  e g.  terrain  data  bases  and  I/O  messages. 

4 Standardize  terrain  data  bases  for  Robotic  vehicle  applications. 

5 Standardize  I/O  message  content  and  format. 

6 Conduct  additional  field  tests  at  distinctively  different  sites. 

7 Expand  PGPP  to  support  planning/re -planning  for  multiple  vehicles. 

8 Conduct  systematic  sensitivity  studies  of  PGPP  performance  vs.  terrain  and 
mobility  model  level  of  detail. 

9 Select  computer  & language  for  field  implementation  of  GPP.  PJM_15 
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OTHER  ISSUES  FOR  MARS  ROVER  fusion 

~ ' — — — — . — Inc. 


Terrain  Data  interaction  with  Navigation  function: 

-inertia]  sensors 

- external  positioning 

- feature  recognition 

Terrain  data  resolution  vs.  feature  recognition  for  obstacle  avoidance 
’Missions"  for  a Mars  Rover  - Maintenance  vs.  Scientific 
Teleoperalor/  Autonomy  division  of  functions  and  lime 
Rover / Mars  Base  / Orbiter  / Mission  Operations  Architecture 
Terrain  Database  content  for  Mars 
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070217  RVRDTAQN  RMD 

Est  i mated  MTS  Rover  Scenario  Dai  J y Data  Duant . t i n« 

A.  Terrain  Navigation  Only* 

Computer  Aided  Remote  Driving  (CARD.  - 40  Mb  downl.ni-  per 
10  hr  day. 


2,  CARD  uplink  - 10  Kb  per  day. 

B.  Imaging  Science  at  a Station  (Specified  lamination  Location,. 

SOOKSOO  pixels/  4,1  compression  X 7 4 or  £ 

before  and  after,  X B to10!  1 “d‘  "®s"Uop  camera.  Plus  Sampling 

Op er at Tons  Supp^t  for  Two  T iOOOX , OOOXBb/2,  1 - BMb.  Sum  - 24Mb. 

2 Uplink  Sampling  Operations  Commands  - 1 Kb. 

(Manipulator  and  Effector  trajectories. > . 

C.  Imaging  Science  While  Otherwise  Stopped  or  Along 

,000X1000  plii'el./  4,1  compression  X3  ...  45  deg  Fm 

overlapped  frames  for  a quadrant , X * for  , ,ual  x B b per 

X2  in  the  pm,  sum:  1-Th«rmal , plus  1-IR,  and  ^ vi su  , 

pixel  * 1^2  Mb. 

i cetanra  rnmmand*  and  D«t«  * ' 


SUMMARY  TOTAL 
I.  DOWNLINK* 


CASE 

<1FIXELS  b/FX 

COMP- 

STEREO 

^SCENES 

VIS  ’L 

1R 

THERM. 

FREQ. 

«=Mb 

A. 

1000X1000 

8 

4 t 1 

2 

1 

1 

O 

0 

10 

4 0 

Be 

500X500 

1000X1000 

8 

8 

4:  1 
2s  1 

2 

2 

2 

1 

2 

1 

1 

0 

1 

0 

2 

1 

16 

B 

C. 

1000X1000 

B 

4:  1 

2 

3 

2 

1 

1 

A 

192 

One  Science  Station,  Total  Mb  per  1C  hr  day  - 256 


II. 

UPLINK: 

CASE 

GJu  an . 

A. 

10  lb 

M. 

1Kb 

C. 

y 

Total  Kb  per  10  hr  day  « 


DATA  RATES 
I . DOWNL I NK 

A.  AVERAGE  - 256  Mb/  10  hr  X 3600  sec/  hr  - 7 Kbps. 

B.  PERIODIC-  ,0  min  each  hour  - 2S6Mb/10  hr  X 600.  - 43  Kbps 

_ IS  min  each  hour  - 256Mb/iO  hr  X 900.  - 28  Kbps 

ni  256Mb/ lO  hr  X 1800  s = 14  Kbp. 

Support  + 24  Mb  Specified  Exam, 
load  of  192/4  - 76  Mb  Total. 

Mb/600  »»c  •*  127  Kbp* 

Mb/900  *ec  - B4  Kbp* 

Mb / 1 BOO  m - 42  Kbp* 


- 30  min  each  hr 

C.  MAX  SUM  STOF  - 4Mb  CARD 
Locat.  + an  " A1 ong-the-Way " data 

- in  10  min  - 76 

- in  15  min  - 76 

- in  30  min  - 76 


7-5-53 


gr^g^al  page  is 

OF  POOR  QUALITY 
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TELE  ROBOT  FLIGHT  COMPUTATIONAL 
PROBLEM 


D.B.  SMITH 
SECTION  348 

FEBRUARY  IB,  1fl07 


JPL  1987  TELEROBOT  TESTBED 

FUNCTIONAL  BLOCK  DIAGRAM 


OKS  D«e 
02/IR/87 
KUIIH.T.2 
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JPL 


1987  TELEROBOT  TESTBED 
FUNCTIONAL  ARCHITECTURE 


JPL 


RUN-TIME  CONTROL  CALCULATIONS 


• DETERMINE  END-EFFECTOR  POSITION  AND  VELOCITY  FROM  MATRIX 
DIFFERENTIAL  EQUATION. 

M(0)  0 + C (0,0)  + g(0) 

WHERE  M(0)  = (12x12)  MATRIX  FOR  TWO  ARMS  AND 
.6,  , Oj  ARE  12  x I VECTORS,  i = I,  - - , 12. 


• DETERMINE  POSITION  AND  VELOCITY  MOVEMENTS  OF  EACH  JOINT 
USING  INVERSE  (KINEMATIC)  JACOBIANS  FOR  EACH  CONTROL  LOOP. 

•REAL-TIME  CONTROL  TAKES  0000  FLOATING  - POINT  COMPUTATIONS 
PER  CYCLE  FOR  DUAL  ARMS.  RUNS  9 200  - 300  Hz  . 


JPL 


DBS  348 
02/18/87 
KOHFI.T.5 


IMPLICATIONS  OF  THESE  COMPUTATIONS 


• 300H2  TIMES  0000  FLOPS  ► 2.4  MFLOPS  FOR  ONE  PART 

OF  DUAL  ARM  CONTROLLER 

• A SINGLE  32032  NATIONAL  FLIGHT  MICROPROCESSOR  CAN 
EXECUTE  100,000  FLOPS. 

• THEREFORE  NEED  24. 
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DBS  348 
02/18/87 
HOBFLT.6 


JPL 


ROBOTICS  SUMMARY 


• HIGH  THROUGHPUT.  2.4  MFLOPS  JUST  FOR  ONE  PART.  NEED 
CONCURRENCY. 

• LARGE,  HIGHLY  DIVERSE  REAL-TIME  TASKS  WHICH  ARE  VERY 
INTERRELATED. 

• MANY  DIFFERENT  I/O’S  , SOME  OF  WHICH  ARE  HIGH  RATE. 

• WILL  WANT  TO  EXPAND  MONOTONICALLY  WITH  CAPABILITY. 

• MUST  BE  FLIGHT  OUALIFIABLE. 


DAS  348 
02/18/87 
ROBFLT. 7 
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JPL 


ON-BOARD  INFORMATION  PROCESSING 
DATA  COMPRESSION 


ROBERT  F.  RICE/JPL 


WHAT  IS  DATA  COMPRESSION 


• MORE  EFFICIENT  REPRESENTATION  OF  INFORMATION 

• FEWER  BITS  FOR  SAME  INFORMATION 

• SAME  BITS  FOR  MORE  INFORMATION 


7-5-58 


CAN  ALSO  OBTAIN  HIGHER  QUALITY, 
IMAGES  AT  SAME  DATA  RATE  I 


CAMERA 


DATA  COMPRESSION  INTO  THE  1990’S 


TOOArS  APRICATIONS 
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BENEFITS  TO  FLIGHT  PROJECTS 


• 10-50:1  END-TO-END  INFORMATION  RATE  ADVANTAGE 

• DEEP  SPACE  COMMUNICATION 

• GROUND  DISTRIBUTION 

• 10-50:1  REDUCTION  IN  DATA  STORAGE  REQUIREMENTS 


CHALLENGES 


• HIGH  RATE  IMPLEMENTATIONS  (>1  MEGABIT/SEC) 


• MISSION  DESIGN  AND  CONTROL  UTILIZING  INFORMATION 
ADAPTIVE  CAPABILITIES 


• SPECIFYING  COMBINED  COMPRESSION/EXTRACTION/SELECTION 
ALGORITHMS 


7-5-62 


t Rate,  Mbit/s  - - Input  Rate,  Mbit/s 


l 75  chip  \ 


TECHNOLOGY 


VLSI  REQUIREMENTS 

fl  single  Noiseless 
Image, Compressor 


Gafls 

> 1 Gbit/s 

* 


TECHNOLOGY 
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TELEPRESENCE /HUMAN  FACTORS  OVERVIEW 


Dr,  Barbara  Lindaucr 


original  page 

BLACK  AND  WHITE  PHOTOGRAPH 
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TELEPRESENCE /HUMAN  FACTOHS  OVERVIEW 


APPROACHt  lo  Develop  Flexible  Testbed  Workstations/Control  Consoles 
eor  Evaluating  Human  Intereace/Control  Strategies 


ACCOMPLISHMENTS: 

Human  Factors  Engineering  Testbed  (HMD 
Pilot's  Console  Simulator  (OMV) 

Remote  Operator's  Console  (ALV) 

RECONf IGURABLE  CONTROL  STATION  (I1A) 


PROJECTED  1987  ACTIVITY!  D-03R  - Advanced  Workstation  Design  (RCC) 


MA99TiH  MARIETTA 


HUMAN  FACTORS  ENGINEERING  TESTBED  *■  1986  IRAD  SI.3M 

g a 


APPROACH:  Research  and  oeeine  Human  Factors  Engineering  Issues  Using 

Crew  Cab  Simulator 

- Seat  0ESI6N 

- Crew  Cab  Technologies  eor  Tactical  Warning  Scenario 
* - Vehicle  Controllabiiitt 

- habitabilitt/Confinement 

OBJECTIVES!  Build  a Simulator  and  Displat  Svsteh  to  Evaluate  Controls  and 
Displays  for  Driving  and  Vehicle  Controllability.  Navigational 
Aids,  Fault  Oetection/Fault  Isolation.  Control  ano  Display 
Placement  and  Visibility 


MARTIN  MARIETTA 
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UfL..imfl£P  VEHICLE  CONTROLLABILITY  STUDY  RFSui  TS- 


speeo(mph) 


MJtffTtM  IHAmETTA 


RECONFIGURA0LE  CONTROL  STATION  - 1985  CER  S 1 28K 

APPROACH:  PR0VI0E  A TESTBED  WORKSTATION  FOR  CONTROLS  RESEARCH  AND  THE  STUDY 

OF  SYSTEM/SUBSYSTEM  INTERACIONS 

OBJECTIVES:  PROVIOE  A FLEXIBLE  INTERFACE  FOR  ROBOTIC  SYSTEM  USERS 

- Display  Up  to  Four  Views  Simultaneously 

- ST£  R£0  VlOEO  OlSPLAY 

- Data  Recording 

RESULTS  - CURRENTLY  OPERATIONAL  IN  ROBOTICS  LABORATORY 
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Reconfigurable  Control  Station 


MOSC  - MMOA  HUMAN  FACTORS  LABORATORY  - UNIVERSITY  OF  HAWAII 

1985-1987  IRAQ  $ I J5K 


APPROACH,  10  JOINTLY  DEVELOP  A LABORATORY  UNDER  THE  DIRECTION  OF 

DR.  ROBERT  E.  COLE  FOR  EVALUATION  OF  REMOTE  STERO  VIEWING  SYSTEMS. 


OBJECTIVES,  USING  THE  EXISTING  LABORATORY.  DETERMINE 

- Extent  of  Perceptual  Error  for  Targets  at  Mio  and  Extreme 

Locations 

- Attenuation  of  Perceptual  Error  Through  Hyperstereopscopic 

Camera  Positions.  Panning  Cameras  to  Center  Peripheral 
Ihagcs,  or  Providing  Feedback  to  Subjects  Regarding 
Degree  of  Error 

- Adaptation  of  Results  to  Monitoring  of  Autonomous  and 

Multiple  Vehicle  Systems 


MA99T9M  MAMETTA 
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1986  RESULTS. 


0 ACCURACY  OF  OEPTH  PERCEPTION  FOR  STEREO  VIEWING  SYSTEM  OECREASES 
SIGNIFICANTLY  FOR  IMAGES  LOCATED  PERIPHERALLY  TO  CENTRAL  CAMERA 
AXIS  FOR  PERIPHERAL  OISTANCES  OF  15.25cm.  21. Sen  and  30.H8cn 
ANO  AT  CAMERA -OBJECT  OISTANCES  OF  BOTH  3.5n  and  2n. 

0 ACCURACY  CAN  BE  REGAINED  BY: 

- Increasing  Intercahera  Separation  to  2x  or  4x 

- Panning  the  Camera  Base  to  Center  the  Objects  in  Camera  FOVs 

and  Monitor  Screens 

- Practice  Over  Trials  and  Verbal  Feedback 


MARTiR  MARIETTA 


REMOTE  OPERATOR’S  CONSOLE  - 1085  C£R  - S325K 

* IRAQ  - $ 50K 


APPROACH:  DESIGN  ANO  BUIIO  A RECONF I GUR A BL  E REMOTE  OPERATOR'S  CONSOLE 

for  Evaluating  Human  Operator/ Teleoperation  Techniques  for 
Supervisory  Control  of  an  Autonomous  Land  Vehicle. 

OBJECTIVES:  Integrate  Stereo  Display  System  for  Remote  Management  of 

Vehicles.  Interactive  Map  Display  for  Vehicle  Navigation. 

“ ULITIZATION  OF  RAMTECH  MAP  DISPLAY 

‘ EVALUATION  AND  DATA  COLLECTION  FON  VEHICLE  SU8SYSTEMS  FOR 
TELEOPERATION 

- GAUGES.  OISPLAYS  FOR  HEALTH  G STATUS  INFORMATION. 

OPERATOR  ASSISTANCE 

- KEYBOARD  FOR  OPERATOR  INPUT 

- RE CONF IGURA BL E PUSH  BUTTONS  ANO  JOYSTICK  CONTROL 

RESULTS:  Currently  Operationali  Awaiting  RF  Hook-Up  to  ALV 


MARTiR  MAR/E TTA 
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pilots  console  simulator 


1985-1987  IRAQ  & CER  SSOOK 


APPROACH:  8uilo  a General  Console  to  Provide  a Means  tor  Evaluating  Alternative 

Hunan  Factors  Interface  Techniques  ano  Design  Features  that  a Remote 
Pilot  Might  Use  to  Control  Orbital  Vehicles. 

OBJECTIVES: 

- maximize  Consistency  of  Data  Entry  Transactions.  Data  Display." 

Control  Actions,  and  Operational  Procedures! 

- maximize  Operator  Efficiency  by  Minimizing  the  number  ano  Complexity 
of  Entry  and  Control  Actions  Reouiredi 

- Maximize  Compatability  of  the  System  with  User  Neeosi 

- Provioe  the  Usek  with  Choices  in  How  He  or  She  Controls  Data  Entry 
ano  Display. 

- Involved  Utilization  of  Advanced  Screen  Design  (mission  information 
AND  ADVISORY  AREAS,  EKPERT  SYSTEM  OISPLAY.  CAUTION  ANO  WANNING 
DISPLAY  AREA.  REAL  TIME  DATA  SELECTION.  MESSAGE  AREA  SYSTEM.  REAL 
TIME  OATA  PLOT)  GRAPHIC  OVERLAYS.  TOUCHSCREENS.  SPEECH  RECOGNITION 

. ano  Synthesis  System.  Hand  Controllers,  ano  Programmable  Icons. 

RESULTS:  Simulations  Used  in  Support  of  OMV  Proposal. 


Af /)  ft  TIN  M4A»C7M 


ADVANCEO  WORKSTATION  DESIGN  - 1987  IRAD(D-OJR)  SIOOK 

1987  CER (SOS)  S3I6K 


APPROACH: 

AOORESS  THE  NEED  FOR  EVALUATING  ADVANCED  WORKSTATION  DESIGN  FOR  ; 

Enhancing  Operator  Control  of  Autonomous  Systems  in  Mission 
Scenarios.  Previous  Work  has  Addresseo  Primarily  Teleoperation 
of  Robotic  Systems  Using  Single  Operator/Single  System  Control 
Consoles.  Mission  Emanating  From  DoO  and  NASA  Now  Incorporate 
Systems  With  Autonomous  Capabilities  and  Require  Single  Operator 
Control  of  Multiple  Systems.  There  is  a Need  for  a Flexible 
workstation  Testbed  for  Evaluating  new  Technologies  that  can 
Enhance  the  Man-machine  Interface, 


MXlA?r//V  MAME'TTA 
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ADVANCED  WORKS  IA I ION  DESIGN 


1987  IRADID-03R)  SIOOK 
1987  CER(SOS)  13 1 6K 


OBJECTIVES: 

o Create  a State ‘OF -the *Ah t Flexible  Workstation  from  Primarily  Existing 
Remote  Operator  Console  Components  Capable  of  Serving  as  a Flexible  ‘ 
Testbed  for  Evaluating  Single  Operator/Multipu  System  Operational 
Requirements. 

o Develop  and  Incorporate  into  the  Workstation.  Testbeo  Software  Capable  of 
assisting  Operator  in  Remote  Management  Tasks  ano  Reoucing  Operator 
workload  During  Critical  Mission  Phases. 

o Conouct  a Series  of  Experimental  Studies  Employing  advanced  Control  and 
Display  Technologies  Including  an  Intelligent  Operator  Assistant  Expert 
System  to  Assess  the  Relative  Effectiveness  of  Various  Technologies,  Such 
as  Various  Visual  Oisplays.  in  Assisting  a Single  Human  Operator  in 
multiple  System  Management  (in  Conjunction  With  the  University  of  Hawaii). 


OF  POOR  QUALITY 
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TASK  PLANNING 


TASK  PLANNING 

-PARTICIPANTS 

-PLANNERS 

-AI  SYSTEM  DEVELOPERS 
-AUTONOMOUS  VEHICLE  TECHNOLOGISTS 
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